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Chapter 1: General Introduction 
 
1.1. Rising carbon dioxide and associated climate change. 
Between 1750 and 2011, human activity has released ~2040 GtCO2, with around 40% of 
these emissions accumulating in the atmosphere (Fig. 1; IPCC, 2014). The rapid rise 
of [CO2] is a dominant force driving climate change at the global scale, directly associated 
with the observed increases in surface temperature (Cox et al. 2000). Currently, atmospheric 
[CO2] is rising at an average rate of ~2 ppm per year, a trend that is predicted to continue 
throughout this century (Canadell et al. 2007; IPCC, 2014). Earth System Models predict a 
subsequent increase in global mean temperatures, ranging from 1.1 to 2.9 
o
C (Lacis et al. 
2010; IPCC 2014), along with changes in the annual amount of precipitation, with increases 
in tropical regions and reductions in sub-tropical and mid-latitudes (Trenberth, 2011). In 
addition, most of these models indicate that precipitation episodes will be more intense and 
likely less frequent. The changes in environmental conditions will directly affect the 
functioning of ecosystems worldwide. Currently, terrestrial ecosystems act as a major C-
sink, recently estimated to absorb and store at up to 36% of annual anthropogenic CO 2 
emissions (Bonan, 2008; Pan et al. 2011). Given the paramount importance of terrestrial 
ecosystems for taking up and storing a significant fraction of anthropogenic CO2 emissions, 
understanding the extent to which they will continue functioning as a net C sink has been the 
focus of a vast research efforts (Friedlingstein et al. 2014). 
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During the last three decades, a very large number of experiments have studied plant 
and ecosystem responses to eCO2 (e.g. De Graaff et al. 2006; Luo et al. 2006; Dieleman et 
al. 2010; Norby & Zak, 2011; Leuzinger & Hättenschwiler 2013), generating many 
hypotheses on the mechanisms and constraints underpinning their ability to increase their C 
storage capacity. Earlier studies focused on species of agronomic value, grown under 
controlled, greenhouse/growth chamber conditions (Kimball et al. 1993). These studies were 
soon followed by experiments in open top chambers (OTC) and free air CO2 enrichment 
(FACE) technology, making it possible to evaluate the effects of eCO2 under natural 
conditions (Norby & Zak, 2011; Leuzinger & Hättenschwiler 2013). Clear conclusions about 
physiological responses at leaf-level have emerged from these experiments: net CO2 uptake 
generally increases due to greater carboxylation rates and reduced photorespiration 
(Ainsworth & Long, 2005). Such direct response suggests that there is some potential for 
terrestrial ecosystems to mitigate the rise of CO2 in the atmosphere (Körner, 2006). 
However, we know now that photosynthesis enhancement might not persist under N-
 
Figure 1.Temporal trends in global anthropogenic CO2 emissions from forestry and other land use as well 
as from burning of fossil fuel, cement production and flaring. Cumulative emissions of CO2 from these 
sources and their uncertainties are shown as bars and whiskers, respectively, on the right hand side. Taken 
from IPCC (2014). 
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limitation (Ainsworth & Long, 2005) and do not necessarily lead to enhanced production 
(Körner, 2006; Norby & Zak, 2011) because changes in plant C sink activity (e.g., tissue 
turnover, respiration or exudation of C-rich compounds) can offset the increases in C uptake 
(Millard et al. 2007; Norby & Zak, 2011). 
1.2. Fine roots as drivers of ecosystem-level responses to eCO2. 
Studies synthesizing the results from field CO2 experiments show overall support for the 
eCO2 fertilization effect (De Graaff et al. 2006; Luo et al. 2006; Dieleman et al. 2010), but 
they also demonstrate remarkable differences in responses between studies. Results range 
from experiments where sustained enhancement of productivity were observed (Lukac et al. 
2003) to ecosystems where responses to eCO2 were transient (Day et al. 2013) or did not 
occur (Körner et al. 2005). Evidence from long-term FACE experiments indicates that the 
stimulatory effect of eCO2 on both photosynthesis and plant production depend on the supply 
of other essential resources, particularly water and nutrients like nitrogen (Körner 2006; 
Norby et al. 2010; Leuzinger & Hättenschwiler 2013). Generally, the strongest productivity 
responses are seen in fertile, temperate systems where, in the absence of soil resource 
limitation, eCO2 stimulates photosynthetic CO2 uptake and plant growth (Tissue et al. 1993; 
Körner, 2006; Reich & Hobbie, 2014). In contrast, ecosystems experiencing moderate to 
severe water and/or nutrient limitation may exhibit only short -lived or even no productivity 
responses to eCO2 (Körner, 2006; Norby et al. 2016). However, there are examples where 
plants growing in a CO2-enriched atmosphere with sub-optimal concentrations of soil 
resources were found to have sustained enhancement of productivity, a phenomenon 
associated with 1) greater efficiency in the use of other potentially limiting soil resources 
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(Morgan et al. 2004, Finzi et al. 2006) and/or, 2) greater uptake of such resources (Drake et 
al. 2011, Terrer et al. 2017). 
Resource use-efficiency indicates the amount of CO2 taken-up, or biomass produced, 
per unit of a given resource taken up from the soil (Finzi et al. 2007). Current knowledge 
from CO2 experiments suggests that greater leaf and plant-level water and nitrogen use-
efficiency (i.e., WUE and NUE, respectively) might occur under eCO2 (Wullschleger et al. 
2002; Morgan et al. 2004; Finzi et al. 2007). In arid and semi-arid ecosystems, enhanced 
WUE under eCO2 is assumed to reduce the negative effects of drought leading to higher 
production and resilience during water shortage  (Morgan et al. 2011; Hovenden et al. 2014). 
On a similar note, ecosystems experiencing some degree of N-limitation can maintain greater 
production rates under eCO2 (Finzi et al. 2007), although such effect can eventually preclude 
productivity stimulation by eCO2 due to greater amount of N locked in plant biomass or more 
recalcitrant litter inputs to the soil (Luo et al. 2004), both mechanisms leading to slower 
mineralization rates. 
Based on the functional equilibrium hypothesis, plants invest the most abundant 
resource(s) into the production of the organs and maintenance of metabolic functions 
associated with the acquisition of the most growth-limiting resource(s) (Glesson & Tilman, 
1992). Accordingly, plants growing under eCO2 should increase their C investment in 
belowground structures and functions in order to meet their increased demand for soil 
resources under higher rates of photosynthetic C assimilation. Results from eCO 2 
experiments do, indeed, tend to show increased fine root biomass, production and turnover 
rates, mycorrhizal colonization or exudation of labile C-substrates under eCO2 (Matamala & 
Schlesinger 2000; De Graaff et al. 2006, Nie et al. 2013). Recently, a summary of plant 
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growth responses to eCO2 in field experiments shows that the magnitude of the eCO2 
fertilization effect aboveground is positively related with the investment of C belowground, 
allowing plants to uptake more N to support production (Fig. 2, Terrer et al. 2017). Whilst 
increased fine root production is common under eCO2, there are also examples of transient 
(Norby et al. 2010, Day et al. 2013), null (Handa et al. 2008) and even negative responses 
(Bader et al. 2009). Climatic conditions and intrinsic ecosystem properties such as species 
composition (Smith et al. 2013), stand age (Day et al. 2013) and soil physico-chemical 
characteristics are key drivers of fine root responses to eCO2 (Dieleman et al. 2010; Piñeiro 
et al. 2017). Because fine roots represent an important proportion of annual plant production 
(up to 65% in temperate forest; Jackson et al. 1997) and are a key pathway of C transfer to 
the soil (Kuzyakov 2010, Finzi et al. 2015), understanding changes in fine root dynamics and 
activity under eCO2 is paramount for predicting C dynamics at stand levels, and ultimately, 
inferring the ability of ecosystems to sequester C as CO2  concentrations continue to rise. 
In addition to information about fine root biomass production and turnover, 
estimations of fine root functional adaptations require detailed monitoring of fine root 
distribution across the soil profile as well as changes in their  functional attributes. Fine root 
production increased in the deeper soil layers in some FACE experiments (Iversen 2010;  
Norby & Zak, 2011). Due to the physicochemical characteristics of soil in deeper layers 
(lower oxygen availability, higher soil moisture, and less variable temperature), fine roots 
from these layers tend to have a longer lifespan, slower decomposition rates (Cotrufo & 
Ineson 1995), and reduced maintenance respiration (Eissenstat et al. 2000). Since shifts in 
fine root depth distribution can be a potential mechanism leading to greater C sequestration 
in both plant biomass and soil organic matter, understanding how root systems alter their 
vertical distribution under eCO2 is an important issue in climate change ecology (Iversen, 
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2010). On the other hand, numerous studies have also reported changes in root functional 
attributes underlying shifts in their physiological activity, such as respiration (Jackson et al. 
2009), nutrient uptake rates (BassiriRad et al. 2001) and exudation of labile C-rich 
compounds into the rhizosphere (Phillips et al. 2011). Increased fine root secretion of C-
based compounds can prime microbial activity, enhancing decomposition of SOM and 
mineralization of soil nutrients, potentially increasing their availability for plant uptake 
(Kuzyakov, 2010, Phillips et al. 2011; Dijkstra et al. 2013). The higher C availability in the 
soil leads microbial populations to produce extracellular enzymes that catalyze the degradation of 
soil organic matter and release nutrients (Richardson et al. 2009). In N-limited ecosystems, this 
process has been proposed to be responsible not only for the sustained enhancement of forest 
production under eCO2 conditions (Phillips et al. 2011), but also for the increase of soil CO2 
efflux to the atmosphere, reducing soil organic C stocks (Kuzyakov, 2010; Drake et al. 2011; 
Van Groenigen et al. 2014). 
It is important to note that, although microbial priming can be effective in mobilizing 
P from SOM, this mechanism has been extensively studied in N-limited stands (Norby et al. 
2010; Kuzyakov, 2010; Drake et al. 2011), with little empirical evidence regarding the 
influence of microbial priming on P cycling under eCO2 (Norby et al. 2016). Low P 
availability is likely to affect C storage in (semi-)natural ecosystems located in highly 
weathered soils from the Southern Hemisphere (Fig. 3, Peñuelas et al. 2013). However, the 
differences between sources of N and P, and the process involved in their mobilization 
suggest that low P availability may affect plant growth and ecosystem-level C-cycling in a 
different way to low N availability (Dijkstra et al. 2013). Release of organic anions like 
citrate and oxalate can be an effective way to increase P mobilization via chemical 
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weathering (Lambers et al. 2008; Richardson et al. 2009) and altering the solubility of 
inorganic P by affecting adsorption-desorption reactions. In addition, the release of 
extracellular phosphatases from fine roots and mycorrhizae results in direct hydrolysis of 
organic P (Lambers et al. 2008). Therefore in naturally P-limited systems, abiotic dissolution 
and hydrolysis mechanisms can enhance P availability without involving microbial activity, 
and thus without a large increase in heterotrophic respiration (Lambers et al. 2008; 
Richardson et al. 2009). The lack of field-observations on belowground C cycling dynamics 
in P-limited ecosystems is a major challenge for Earth systems models that incorporate 
nutrient dynamics as a driver of ecosystem responses to eCO2 (Goll et al. 2012; Reed et al. 
2015), and thus represents an important knowledge gap in climate change research.  
 
Figure 2.Relationship between the effect of elevated CO2 on aboveground biomass production (ANPP) 
and the nitrogen (N) return on investment (ΨN
-1). Return on investment is the ratio between the relative 
increase in N acquisition under eCO2 and the relative increase in belowground C allocation. This metric 
represents belowground C cost of N acquisition. Taken from Terrer et al. (2017) 
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1.3. PhD thesis rationale and layout 
The four original research chapters presented in this thesis share the following two 
questions: (1) To what extent does eCO2 alter spatial and temporal patterns of fine root 
growth? and (2) what is the role of soil resource availability (water and nutrients)  as 
modulators of such responses? These two questions are investigated at different spatial and 
temporal scales and using a wide range of experimental approaches, from meta-analysis of 
realistic, field CO2 experiments at the global scale (Chapter 2) to local-scale community-
level studies at the EucFACE experiment (Chapter 3). In addition, I performed two 
glasshouse experiments, one studying the response of individual species to eCO2 and water 
manipulation (Chapter 5) and another one using an understory plant community grown from 
a native soil seed-bank collected at the EucFACE experimental site to better understand the 
effects of eCO2 on plant productivity under P-limitation and high-P conditions, both under 
average and above-average soil water levels (Chapter 4). Taken as a whole, my research 
chapters provide new insights into the question of whether eCO2 can enhance P uptake and/or 
the efficiency with which plants use P and thus overcome P-limitation of the eCO2 
fertilization effect. Moreover, while the role of drought as a driver of plant responses to 
eCO2 has been extensively explored both empirically and through modeling approaches, 
predictions for rainfall patters by the end of this century imply both longer droughts and 
more frequent heavy rainfall events – and associated soil inundation -as a consequence of 
climate change. Thus, I contribute new insights into the regulating role of soil water 
availability, from very low to high levels of soil water, on fine root responses to eCO2. 
Specific goals of each chapter were: 
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Figure 3.Simulated spatial variation of nutrient limitation (nitrogen (N) and phosphorus (P)) on the global 
scale using CLM‐CNP (Yang et al. 2014). Values plotted are the proportion by which plant growth is reduced 
due to limitation of that nutrient. Taken from Norby et al. (2016) and modified from Yang et al. (2014). 
 
 The first data chapter, Chapter 2, assesses how climate and soil properties mediate 
root responses to eCO2 by comparing 24 field-based CO2 experiments across a wide range of 
environmental conditions. I used meta-analytical techniques and structural equation 
modeling (SEM) to achieve a system-level understanding of how aridity, mean annual 
temperature and total soil nitrogen simultaneously regulate the response of total, coarse and 
fine root biomass to eCO2 (Piñeiro et al. 2017). This chapter provides an extended overview 
of the role of climatic conditions and soil fertility in explaining the variability in 
belowground biomass responses to eCO2 across ecosystems. 
 Chapter 3 reports on fine root biomass dynamics, morphology and biochemical 
responses to increased levels of atmospheric CO2 during the first 2 years of the EucFACE 
experiment. I studied these metrics on a seasonal basis and at two soil depths (0-10 and 10-
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30 cm), calculating the inputs of C, N and P from fine root turnover during each time 
interval. In addition, I investigated the role of environmental conditions (soil moisture, 
temperature and photosynthetically active radiation) as modulators of fine root  responses to 
eCO2.  
 Chapter 4 reports the results of a glasshouse experiment in which I used soil 
containing its native seed bank, collected from the EucFACE site, to grow model replicas of 
local understory communities. This experiment was designed to investigate how the 
availability of two key soil resources (P [no P added; +30 mg P kg soil
-1
] and water 
[simulating average vs. wet growing season SWC levels]) modulate the biomass response to 
eCO2 of the emergent plant community.  I monitored net CO2 exchange, gross primary 
productivity and pot-level respiration under eCO2 and contrasting levels of both water and P 
levels, along with biomass allocation and rhizosphere enzymatic activity as key processes 
underpinning ecosystem carbon exchange. 
 Chapter 5 presents the results of a glasshouse experiment in which I characterized 
plant nutrient use efficiency, nutrient allocation between above and belowground organs, and 
fine root morphological traits under future atmospheric [CO2] scenarios and contrasting 
water levels. I grew four different graminoid species commonly found in P-limited 
Australian woodlands in native soil collected from the EucFACE site. I also explored 
whether changes in nutrient allocation and fine root traits in response to eCO2 and water 
levels were associated with changes in rhizosphere microbial activity.  
Finally, due to my involvement within the EucFACE experiment, as well as in a 
highly collaborative research group, I was able to actively participate in other relevant 
research projects for which I invested a considerable amount of time, although they are not 
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included in this document. My role in monitoring the understory plant community 
composition at EucFACE, over three consecutive field surveys, along with data management 
and analysis, and manuscript preparation deserves special mention. This work led to a 
publication in Journal of Ecology in which I share joint first authorship (Hasegawa et al. 
2018), as well as two further publications that used data I helped to collect during multiple 
field surveys (Ochoa-Hueso et al. 2017; Collins et al. 2018). 
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Effects of elevated CO2 on fine root 
biomass are reduced by aridity but 
enhanced by soil nitrogen: A global 
assessment
Juan Piñeiro  1, Raúl Ochoa-Hueso1, Manuel Delgado-Baquerizo1, Silvan Dobrick1,  
Peter B. Reich1,2, Elise Pendall  1 & Sally A. Power1
Plant roots play a crucial role in regulating key ecosystem processes such as carbon (C) sequestration 
and nutrient solubilisation. Elevated (e)CO2 is expected to alter the biomass of fine, coarse and total 
roots to meet increased demand for other resources such as water and nitrogen (N), however, the 
magnitude and direction of observed changes vary considerably between ecosystems. Here, we 
assessed how climate and soil properties mediate root responses to eCO2 by comparing 24 field-
based CO2 experiments across the globe including a wide range of ecosystem types. We calculated 
response ratios (i.e. effect size) and used structural equation modelling (SEM) to achieve a system-level 
understanding of how aridity, mean annual temperature and total soil nitrogen simultaneously drive 
the response of total, coarse and fine root biomass to eCO2. Models indicated that increasing aridity 
limits the positive response of fine and total root biomass to eCO2, and that fine (but not coarse or 
total) root responses to eCO2 are positively related to soil total N. Our results provide evidence that 
consideration of factors such as aridity and soil N status is crucial for predicting plant and ecosystem-
scale responses to future changes in atmospheric CO2 concentrations, and thus feedbacks to climate 
change.
Plant roots play a major role in regulating important ecosystem functions such as nutrient cycling, C sequestra-
tion and plant productivity1,2. Coarse roots (>2 mm) can account for up to 40% of total biomass in terrestrial 
ecosystems and represent a large fraction of the more stable plant C pool3. The proportion of fine roots (<2 mm) 
varies between ecosystems, from 5–10% of standing total root biomass in forests to more than 50% in grass-
lands4–6. Even in ecosystems where fine roots represent a small proportion of standing root biomass, they can 
transfer up to 65% of the C-fixed annually by the canopy to the soil4,7. Increases in atmospheric CO2 concentra-
tions (eCO2) have the potential to alter the standing biomass of fine and coarse roots differently. While fine root 
responses are generally considered in the context of altered demand for soil resources, the response of coarse/total 
root biomass to eCO2 can be seen as a proxy for changes in whole plant long-lived biomass8. For example, 
after eight years of CO2 exposure at the Duke-Free Air CO2 Enrichment (FACE) experiment, plots receiving 
increased CO2 had 17% greater coarse root biomass compared to ambient plots9, which was similar to the 19% 
CO2-enhancement of basal area during the same period10.
Field experiments tend to show enhanced belowground biomass under eCO29,11,12. However, the direction and 
magnitude of these responses vary across different study sites. For instance, during 11 years of CO2 treatment in 
a scrub-oak shrubland in Florida, eCO2 enhanced fine root biomass only after natural disturbances (i.e. fire and 
hurricane)13, an effect that was attributed to increased resource availability, including nutrients, water and space. 
Similarly, four years of eCO2 did not result in any enhancement of fine root biomass in a late successional alpine 
treeline ecosystem in Switzerland14. Interestingly, some field experiments even report negative eCO2 effects on 
fine root production15,16, suggesting that the response of root biomass to eCO2 may be driven by multiple interac-
tions with other environmental drivers such as climate and soil properties.
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Soil resource availability, including soil N and water, may partly explain contrasting root biomass responses 
to eCO217–19. For example, while eCO2 in conjunction with N fertilization has generally been reported to increase 
coarse and total root biomass11, the magnitude of eCO2 stimulation of fine root biomass can either increase20 or 
decrease compared to unfertilized plots exposed to eCO26,21. Water limitation is generally believed to amplify 
aboveground plant growth responses to eCO217,22, however, much less is known about the importance of water 
availability in controlling the response of belowground biomass to eCO2, with contrasting results reported in the 
recent literature19,23,24. For example, there was no interaction between CO2 and drought treatments for root bio-
mass in a temperate grassland ecosystem24, whereas others found a positive effect of eCO2 on total root biomass 
only under well-watered conditions23. Such contrasting effects under similar treatment combinations may be due 
to intrinsic differences in climate and soil properties among ecosystems. However, to date, we lack a system-level 
understanding of the major environmental factors, including climate and nutrient availability, regulating the 
response of root biomass to eCO2 at the global scale. This information is critical for predicting ecosystem-level 
responses to global change and to properly integrate biosphere-atmosphere feedbacks into Earth System Models25.
We used structural equation modelling (SEM) to evaluate how environmental factors regulate root biomass 
responses to eCO2 using data from 24 field-based experiments across multiple climate and vegetation types 
(Fig. 1). Previous analyses have examined overall eCO2 effects on root pools, and differences between ecosystem 
types, experimental facilities, plant functional groups and N fertilization11,12,26. In this study, however, we eval-
uated the role of climate (aridity and temperature) and soil conditions (soil pH, total soil C and N content) in 
regulating the magnitude of the responses of total, coarse and fine root biomass to eCO2 (as measured using the 
lnRR-response ratio27). Therefore, we do not focus on main CO2 effects on belowground biomass pools, which 
have been presented elsewhere11,12.
Given that increased plant C uptake under eCO2 may increase the demand for other resources like water and 
soil nutrients, the magnitude of eCO2 effects on fine root biomass has been predicted to be more pronounced 
under water and/or N limitation8,28. Herein, we hypothesize that the magnitude of fine root biomass responses 
to eCO2 (i.e. the response ratio) will be greater in ecosystems with lower levels of soil water (i.e. higher site arid-
ity) or N content as a functional adaptation of plants to meet resource demand. In addition, multiple limitation 
theory suggests that the magnitude of the CO2 fertilization effect on overall plant growth should be limited by 
low availability of soil resources such as water and N, and some studies support this hypothesis18,19. Therefore, 
we hypothesize that low water and soil N content will decrease the magnitude of total root biomass responses to 
eCO2. We also posit that the response of fine roots to eCO2 will be more sensitive to water and nutrient limitation 
than that of coarse roots because coarse root biomass represents long-lived, structural tissues that are less respon-
sive to rapid environmental change.
Results
A total of 27 experiments complied with our selection criteria. However, two of these were conducted in peatlands 
and one in an alpine ecosystem, reporting soil characteristics from a thick organic layer (up to 20–30 cm.). The 
disproportionate (more than 10-times higher) C and N contents of the organic layer on these ecosystems com-
pared to the remaining sites (mineral soils) included in the database, and the unique characteristics of C, nutrient 
and decomposition dynamics in these ecosystems29, led to their exclusion from the analysis. Of the remaining 
24 experimental sites, 20, 7 and 15 experiments reported total, coarse and fine root biomass respectively (Fig. 1); 
seven studies reported responses for both coarse and fine root pools. Since some experiments included multiple 
species or time points, the database comprised 41 case studies for fine root biomass, 20 for coarse root biomass 
Figure 1. Location of the study sites included in the analysis. This map was created using ArcGIS Desktop 10 
(Redlands, CA). http://www.esri.com/.
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and 37 for fine root biomass. Overall, 18 experiments were conducted in temperate, 3 in arid and 3 in continental 
climates (Fig. 1). Of these 24 experiments, 11 were conducted in grasslands, 10 in forest/shrubland ecosystems 
and 3 in agricultural systems.
Our a priori model (Fig. 2) incorporated the predictor variables that showed stronger correlations with root 
responses to eCO2 (Table 1; Fig. 3). Correlation analysis indicated that fine root responses to eCO2 were smaller 
at low levels of total soil N and high levels of aridity and MAT (Fig. 3A–C). The response of coarse root biomass 
was not related to aridity, soil N content or MAT (Fig. 3D–F), while the magnitude of eCO2 effects on total root 
biomass decreased with increasing aridity and MAT (Fig. 3H,I), but was not related to soil N content (Fig. 3G). 
We found a significant positive correlation between the size of eCO2 effects on fine root biomass and soil total C 
and a negative correlation between the size of eCO2 effects on fine root biomass and soil C:N ratio, although the 
correlation coefficients for these variables were weaker than for total soil N (Table 1). Soil pH, C:N ratio and soil 
C were not correlated with coarse or total root biomass responses to eCO2 (Table 1).
Our SEMs explained 36%, 89% and 23% of the variance found in fine, coarse and total root biomass responses 
to eCO2, respectively (Fig. 4). Aridity had a direct, negative effect on the responses of fine and total roots to eCO2 
(Fig. 4a,c). Moreover, there was a direct, positive relationship between soil total N and fine root responses to 
eCO2, but not for the total or coarse root pools (Fig. 4a–c). Effects of eCO2 on coarse roots were also unaffected by 
site aridity (Fig. 4b). Goodness of fit of all SEMs was examined using Fisher’s C tests (Fig. 4).
Discussion
Our results provide evidence that enhancement of root biomass by eCO2 is lower at more arid sites, and greater 
where soil N content is high. Predicted increases in aridity30 may, therefore, limit future biomass responses of 
both fine and total roots as CO2 concentrations rise. Similarly, expected increases in N deposition31 and associated 
increases in soil N content may enhance fine root responses to eCO2, although effects on long-lived (coarse) root 
biomass are less clear. The data presented here summarize the responses of functionally different root compart-
ments to field-based CO2 enrichment in a range of globally dominant ecosystem types (forests, shrublands and 
grasslands) with contrasting soil conditions and, therefore, have important implications for the understanding of 
root responses to eCO2 under changing environments.
The more limited stimulation of fine root biomass to eCO2 with increasing aridity may reflect a reduced need 
to allocate biomass to fine roots where concurrent gains in water use efficiency (WUE) occur. The magnitude 
of increased WUE under eCO2 has been predicted to be greater in arid-lands, which could explain the trend 
observed in our analysis32. It has been argued that eCO2 effects on arid-land vegetation tend to reduce the time 
plants are in water limitation, which prevents over-investment in fine roots33. This, in turn, may promote an 
increase in aboveground biomass at the expense of fine root biomass32. However, the lack of fine root biomass 
response to eCO2 under dry conditions does not necessarily imply a lack of eCO2 effect on fine root functional 
efficiency, since water and nutrient uptake may be more strongly related to other traits such as surface area, length 
or branching intensity34,35, rather than just biomass. Although there are relatively few data on root morphological 
responses to eCO2 under field conditions, those studies that have looked at this have reported shifts in these traits 
towards more acquisitive morphology (e.g. thinner, longer and more branched fine root compartments5,6,12). Our 
literature search and selection criteria did not, however, provide enough data from independent published studies 
to analyse this using SEM. Further understanding of the role of eCO2 in driving the responses of plant roots may 
be improved by including such functional variables.
Figure 2. A priori structural equation model depicting the direct and indirect influences of MAT, Aridity and 
soil N on root biomass responses to eCO2 (lnRR). Boxes indicate measured variables entered in the model.
Total Root Biomass (ln RR) Coarse Root Biomass (ln RR) Fine Root Biomass (ln RR)
Soil pH 0.01 (0.67) (−) 0.25 (0.11) (−) 0.27 (0.09)
Soil Total C 0.07 (0.69) (−) 0.19 (0.44) 0.334 (0.04)
Soil C:N 0.16 (0.35) (−) 0.59 (0.65) (−) 0.35 (0.03)
MAP 0.27 (0.10) 0.29 (0.33) (−) 0.32 (0.04)
Table 1. Correlation coefficients (Pearson r) and p-value (in brackets) between soil pH, soil total C, Soil C:N 
ratio and mean annual precipitation (MAP) and the response ratios of total root biomass, coarse root biomass 
and fine root biomass. Bold number indicates significant p-values at 0.05. The sign indicates the direction of the 
slope. Aridity was calculated as [AI in this dataset – AI in each site] so increases in aridity represent places with 
low water availability.
www.nature.com/scientificreports/
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Previous studies also reported contrasting fine root responses to eCO2 between wet and dry years within the 
same experiment; those in arid environments have reported a lack of eCO2 effects during dry periods36,37, while 
studies carried out in moderately or temporarily water-limited ecosystems show a greater relative increase in fine 
root investment in dry periods38. Taken together, our results and those of earlier studies suggest that eCO2 effects 
on fine root biomass differ between mesic and arid environments and, therefore, might be particularly influenced 
by plant life history and the environmental conditions experienced during plant development.
The decreasing (but still positive) response of the total root pool to eCO2 as aridity increased supports our 
second hypothesis, but challenges the general idea that plant biomass responses are greater (in relative terms) in 
water-limited ecosystems exposed to eCO222,39. There is, however, some empirical support for our observation from 
field-based CO2 and water manipulation experiments23,24. The general hypothesis that coarse and/or total root 
growth under eCO2 will be higher under water-limited conditions is usually based on (i) the understanding that 
WUE typically increases, which may lead to higher soil water content17,40,41 and thus, overall growth; and (ii) the 
idea that a shift towards relatively greater belowground limitation will increase allocation of new biomass to roots. 
However, CO2-associated increases in soil water content tend to be relatively small and often restricted to short 
periods of time in arid ecosystems42 and may, therefore, be insufficient to sustain additional growth of long-lived 
plant biomass such as coarse/total roots in response to increases in aridity39. Furthermore, productivity responses 
of stress-tolerant species to eCO2 have been suggested to be lower than for those species associated with more 
mesic ecosystems43,44, which could also explain the smaller root responses to eCO2 in more water-limited ecosys-
tems. A possible explanation for the lack of larger positive results in arid environments is that a minimum level 
of soil water is needed for plants to respond positively to eCO2 under water shortage22. Therefore, the previously 
observed greater positive effects of eCO2 on plant growth in dry periods may be restricted to mesic environments.
As we predicted, effects of eCO2 on fine roots increased as soil N increased. This is in agreement with previous 
findings that CO2 effects on fine root biomass were larger in N-rich forests compared to N-poor forests21. Given 
that soil N content mainly represents the organically-bound N pool (i.e. available for plants and microbes in 
the long-term), the authors argued that a higher biomass of active fine roots – and associated exudates - may be 
needed to increase N mobilization under higher rates of photosynthetic C assimilation. The mechanism underly-
ing the smaller CO2 response of fine roots under N limitation may also be related to economic trade-offs between 
Figure 3. Relationships between cumulative fine, coarse and total root biomass responses to CO2 and site-
level explanatory variables used in this study. The solid lines represent the fitted linear correlations. Aridity 
was calculated as [AI in this dataset – AI in each site] so high values of aridity represent places with low water 
availability.
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C fixation and N acquisition33. The carbon invested in root construction must be fixed from the atmosphere using 
an N-rich enzyme (i.e. Rubisco). Thus, increased investment of assimilates in fine root material under eCO2 pays 
for itself in terms of N uptake in N-rich ecosystems, while in N-poor ecosystems, the high C costs of fine root 
biomass construction and maintenance may restrict plant investment in fine roots.
The response of long-lived plant biomass such as coarse roots to eCO2 has typically been reported to be 
greater under higher N conditions in both grasslands and forests9,20,45. Surprisingly, we observed no effect of soil 
N content on coarse and total root biomass responses to eCO2. Several experimental and meta-analytical studies 
have demonstrated the context-dependent role of mineral N additions on belowground response to eCO26,11,45. 
However, none of these studies have undertaken a quantitative evaluation of the role of soil N content (as opposed 
to just extractable N) in belowground biomass responses to eCO2. Other studies46 have shown a significant cor-
respondence between increased rates of N mineralization and root biomass responses to eCO2 under contrasting 
soil N availabilities. Previous meta-analysis21 reported that the direction of eCO2 effects of fine root production 
differed when comparing N-fertilization experiments and N fertility gradients. For instance, fine root production 
response to eCO2 was lower in N-fertilized plots compared to unfertilized plots exposed to eCO2, but larger in 
soils with greater soil N content compared to those with lower N contents21. Under eCO2 conditions, plants may 
increase N uptake via priming of SOM decomposition47, and from exploration of deeper soil horizons48. Thus, 
increased C-cost of maintenance of higher fine root biomass and their activity in N-rich ecosystems (Fig. 3C) 
may preclude C investment to growth of long-lived coarse root tissues18. In addition, potential stoichiometric 
restrictions of other growth-limiting nutrients such as phosphorus may also limit the response of long-lived bio-
mass to eCO2 despite increased N availability49. Other confounding factors such as the duration of CO2 treatment, 
plant age and the developmental stage of the study site may also help explain the lack of differences in the relative 
response of coarse/total root biomass to eCO2 along the N gradient.
Figure 4. Effects of MAT, Aridity and soil N content on: (a) fine root biomass, (b) coarse root biomass and  
(c) total root biomass response to eCO2. Numbers adjacent to the arrows indicate the effect size of the relationship, 
while the p-values are shown in brackets. Continuous and dashed black arrows indicate positive and negative 
relationships, respectively, while grey arrows indicate non-significant relationships. R2 denotes the proportion 
of the model variance explained. Overall goodness-of-fit test is shown in the bottom of each figure. Aridity was 
calculated as [AI in this dataset – AI in each site] so increases in aridity represent places with low water availability.
www.nature.com/scientificreports/
6Scientific RepoRts | 7: 15355  | DOI:10.1038/s41598-017-15728-4
Root responses to eCO2 may differ between ecosystem types (e.g., forests vs. grasslands), where fine roots 
can represent from as little as 10% (in some forests) to more than 70% (in some grasslands) of the standing root 
biomass4,5. Previous meta-analyses have reported similar (not statistically different) responses of fine and total 
root biomass to eCO2 (i.e. relative responses) between forest and grasslands11,12, supporting the approach that we 
adopted in this study. However, it is worth mentioning that the diameter-based classification of root types does 
not accurately account for functional differences between absorptive and transport/anchorage roots50, and thus, 
overestimates the percentage of the standing root biomass represented by absorptive roots, particularly in grass-
lands. An order-based classification could be more appropriate to capture functions (absorption, transport and 
anchorage) and dynamics (mortality and turnover) of roots under eCO2, particularly in trees, where root branch-
ing intensity tends to be higher and is also related to mycorrhizal colonization51. However, an order-based classi-
fication has rarely been carried out in field eCO2 experiments, which precluded this type of analysis in our dataset.
By comparing 24 field experiments at a global scale we have demonstrated that root responses to eCO2 appear 
to be constrained by high aridity and low total soil N. These findings may help inform ecosystem and Earth 
system model predictions of plant and ecosystem-scale responses to global change, particularly in the context of 
enhanced N deposition31 and the global expansion of arid ecosystems30. One goal of these models is to simulate 
feedbacks among ecosystem components and attributes (vegetation, microbes and resources) to predict ecosys-
tem functions for contrasting biomes52. In such efforts, root pools are generally represented as fixed parameters 
(e.g. CLM4.5 and CABLE), which limits the ability of models to estimate, for example, the land C sink. Our results 
suggest that, although eCO2 tends to increase belowground biomass, intrinsic ecosystem properties (e.g. soil fer-
tility) and climatic conditions significantly regulate the magnitude of such responses. Carbon, water and nutrient 
fluxes greatly depend on the biomass of different root components (i.e. fine vs coarse). Therefore, accurate model 
representation of the variability in responses of the different root fractions to eCO2 may improve model-based 
predictions of ecosystem functioning in response to changing environmental conditions. Predicted increases 
in atmospheric CO2 concentrations and N deposition may ultimately lead to ecosystems with higher fine root 
biomass. In contrast, however, the predicted expansion of arid-lands in a CO2-enriched world may result in 
lower-than-expected increases in belowground biomass.
Material and Methods
Data collection and extraction. We collected published data from the literature on the responses of 
root biomass to eCO2 and combined this information with selected climatic (mean annual temperature (MAT), 
mean annual precipitation (MAP) and aridity index [AI]), geographic (latitude and longitude) and edaphic (pH, 
organic matter content) data obtained for each study site. We used the meta-analysis published by Nie et al. (2013) 
as our starting point, but updated the database by searching for relevant studies (Open Top Chamber [OTC] and 
Free Air CO2 Enrichment [FACE] experiments) published between January 2012 and December 2015 using ISI 
WEB OF KNOWLEDGE®. We used the keywords “fine root biomass”, “fine root production” and “belowground 
productivity”, combined with “CO2”, “CO2 fumigation”, “FACE experiment”, “open top chamber” and “global 
change”. The resulting database led to 315 new articles that, along with the studies included by Nie et al. (2013), 
were then examined. Studies were only included in our analysis if they:
 1. Reported results of experiments conducted under field conditions. Studies carried out in a greenhouse, 
growth chamber or using pots were not included.
 2. Evaluated the effect of CO2 treatment on root biomass and production (fine, coarse and/or total). If the 
experiment was conducted with multiple species, each species was considered as a separate study case. If 
a published study reported results from multiple soil depths, root biomass results were averaged for the 
entire soil profile. Although many previous ecological meta-analyses only use results from the last time 
point of the experiment53,54, it can be argued that, for studies running for long periods (i.e. more than three 
years), the last point may not be representative of the whole experiment. Therefore, we ran statistical anal-
yses with results averaged from multiple time points across the whole experiment. Given that root biomass 
responses to eCO2 may decrease from short- to longer periods of treatment13,55 due to more rapid root 
closure (defined as an equilibrium between production and mortality) in CO2-fumigated plots, when avail-
able, we included three time points for those experiments that had been running for more than three years 
(e.g. Duke FACE, ORNL FACE. In those studies where other treatments (e.g. watering or fertilization) 
were also applied, we only considered responses to CO2 under ambient conditions for these factors. Given 
that the main focus of our study is to identify major environmental predictors of the responses of roots to 
eCO2 in unmanaged ecosystems, the inclusion of other treatments would have obscured the relationships 
between root responses to eCO2 and climatic or fertility predictors.
 3. Application of these criteria resulted in sufficient data to calculate the CO2 logarithm response ratio (ln 
RR), obtained as27:
=lnRR ln(Xt/Xc) (1)
where Xt and Xc are the means of the treatment and control, respectively. When the results were presented graph-
ically, data were extracted using Datathief (www.datathief.org).
For each experiment, the following information was obtained: (1) duration of experimental treatment, (2) 
soil properties (pH, total C, total N, CN ratio, texture) and (3) ecosystem type (cropland, grassland, shrubland 
or forest). When such information was not available, authors were contacted to obtain the original data. Mean 
annual temperature (MAT), mean annual precipitation (MAP) and aridity index (AI; mean annual precipitation/
potential evapotranspiration) for each study site were obtained from the WorldClim database56, which provides 
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average climatic values for the period 1950–2000. To improve interpretation, aridity was presented as [maximum 
value of AI in this dataset – AI in each site] (see57 for a similar approach). Thus, aridity - which is negatively 
related to AI (r = −1.0; P < 0.001) - represents a metric of water scarcity, instead of a metric of water availability.
Statistical analyses. We used Structural Equation Modelling58 (SEM) to assess the direct and indirect 
effects of multiple climatic and soil properties on the responses of root biomass to eCO2. Moreover, the use of 
SEM allowed us to partition the effects that one predictor variable may have on a response variable, and to esti-
mate the strengths of these multiple effects. However, due to the high number of environmental drivers poten-
tially affecting root responses to eCO2, we first used Pearson correlations to explore the association between the 
effect sizes (ln RR) of fine, coarse and total root biomass and potential explanatory variables (climatic, geographic 
and edaphic conditions). We only included in our SEM those factors that were shown to be correlated with root 
responses. Then we established an a priori model (Fig. 2) based on previous knowledge and identified correla-
tions. Since studies along climatic and fertility gradients suggest that temperature, water and N content are the 
main factors controlling root biomass differences between ecosystems3, our a priori model incorporated these 
variables59. In accordance with the literature, MAT, aridity and soil total N showed the strongest relationships 
in the correlation analysis (Table 1; Fig. 3) and so were included in our models as predictor variables. Given the 
limited number of independent studies that met our selection criteria or provided enough data, we included data 
from different species within a site and from different publications within the same experiment (for those exper-
iments running for more than three years) in order to meet the data requirements of SEM.
This approach resulted in a hierarchical data structure (i.e. multiple measurements of fine, coarse or total 
root biomass belonging to different species and time points within experimental sites), which precluded the use 
of the maximum likelihood method of standard SEM analysis58. We therefore, adopted Shipley’s d-sep method 
for model evaluation. This approach avoids pseudoreplication by constructing SEM paths as a set of hierarchical 
linear mixed effects models60,61 and has been suggested to have higher statistical power in studies with small sam-
ple size59,62. We fitted linear mixed models for fine, coarse and total root biomass incorporating MAT, aridity, soil 
total N content as fixed effects, and time and species nested within experimental site as random factors. Linear 
mixed models were fitted using the “lme” function in the “nlme” package62 and model assumptions were verified 
by inspecting residuals versus fitted values and quantile–quantile plots. Directional separation analyses were car-
ried out with the “piecewiseSEM” package in R62. Overall goodness-of-fit of the models was tested using Fisher’s 
C statistic60,61. Non-significant P-values associated with goodness-of fit tests indicate acceptable model fit. Data 
were transformed when needed to improve linearity in the correlation analysis and SEM models. All statistical 
analyses were performed using experiment-averaged results.
Given the relatively small number of studies that complied with our selection criteria when compared with 
other meta-analyses11,12 (see Results), we conducted a standard meta-analysis to elucidate whether our dataset 
is representative of a larger set of studies. To do so, we calculated cumulative effect sizes for fine, coarse and total 
root biomass, along with heterogeneity and publication bias assessments (a detailed methodology and results are 
included in Supplementary Information). Our results are in accordance with previous findings; eCO2 increased 
fine, coarse and total root biomass by 15, 24 and 23% respectively. In all cases, heterogeneity tests were significant, 
suggesting that other factors (e.g. climate and soil properties) should be evaluated. In addition, we did not detect 
publication bias in our dataset, which suggests that our data can be considered as to be a good representation 
of a larger number of experiments. The finding that only 24 studies complied with our selection criteria (see 
results) reflects the fact that a large proportion of published studies involving CO2 manipulation had either not 
been conducted under strictly natural conditions, or did not include an adequate description of the ecosystem’s 
properties. We call upon the authors of future studies to fully characterize ecosystem properties, so that they can 
be incorporated into potential meta-analyses.
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1. Meta-analysis: Statistical procedure 
Independent meta-analyses were carried out for each response variable (i.e. fine root biomass 
(FRB), coarse root biomass (CRB) and total root biomass (TRB)). To estimate the cumulative 
treatment effect (TE), we used the natural logarithm of the response ratio (ln RR), (Hedges et al. 
(1999):  
ln RR=ln(Xt/Xc)                                                                          (1)                                                                                                                         
 
where Xt and Xc are the means of the treatment and control, respectively. The variance of this ratio is 
calculated as follows: 
                                     
(2) 
 
where Xt and Xc are the means of the treatment and control, respectively, Nt and Nc are the number 
of replicates of the treatment and the control, respectively, and Dt and Dc are the standard deviations 
of the treatment and the control, respectively. We extracted means (and standard deviations) from 
each study as explained in the main text. Briefly, when a published study reported results from 
multiple time points, root biomass results (i.e. means ±SD or SE) from each time point were summed 
and divided by the number of time points. Similarly, when a published study reported results from 
multiple soil depths, results (means ±SD or SE) from each depth were summed and divided by the 
number of depths. We used values averaged across all reported depths because this is a more 
conservative approach that is potentially less sensitive to differences in distribution of root biomass at 
different time points/depths.  
In cases where all the information could be retrieved (mean, n and SD; see Appendix 1) we used a 
random effects model to calculate the treatment effect (TE), which assumes that the studies included 
are a random selection from a larger population of studies. Random effects meta-analyses are usually 
preferred because the fixed-effects model assumption that all observed variation is due to sampling 
error is very difficult to meet when using a broad range of studies (Rosenberg et al., 2000). The total 
heterogeneity, QT, was also calculated; this is simply Cochran’s Q-test (Cochran, 1954), which tests 
whether the variability in the observed effect sizes is larger than would be expected based on 
sampling variability alone. A significant value of this statistic indicates that the variance among effect 
sizes is greater than expected by sampling error (Rosenberg et al., 2000), suggesting that other factors 
should be evaluated. 
𝑉𝑙𝑛𝑅𝑅 =  
𝐷𝑡
2
𝑁𝑡 ∙ 𝑋𝑡
2 
+
𝐷𝑐
2
𝑁𝑐 ∙ 𝑋𝑐
2 
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We tested for publication bias by checking normal quantile plots and funnel plot asymmetry 
(Rosenberg et al., 2000). Funnel plot asymmetry was tested using rank correlation tests as described 
by Begg and Mazumdar (1994), which examines whether the observed outcomes and the 
corresponding sampling variances are correlated. A significant value would indicate that the funnel 
plot is asymmetric, suggesting publication bias. With publication bias, normal quantile plots are non-
linear or contain unusual gaps. All statistical meta-analysis were performed in R with the “metafor” 
package. 
 
2. Meta-analysis: Results 
 Our results are in accordance with previous findings (e.g. de Graaff et al., 2006, Dieleman et 
al., 2010, Sillen & Dieleman 2012); eCO2 increased fine, coarse and total root biomass by 15, 24 and 
23% respectively (Fig. S1). In all cases, heterogeneity tests were significant (Table S1), suggesting 
that other factors (e.g. climate and soil properties) should be evaluated. In addition, we did not detect 
publication bias in any of our datasets (Fig.S2), implying that our data can be considered as a good 
representation of a larger number of experiments.   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2 
Variable Heterogeneity 
(QT) 
p-value Rank Correlation Test for Funnel Plot Asymmetry 
Kendall's tau p-value 
FRB(df = 40) 243.02 <0.001 -0.0512 0.6472 
CRB(df = 19) 60.06 <0.001 0.0211 0.9235 
TRB(df = 29) 181.11 <0.001 -0.0943 0.4788 
 
Table S1. Summary of total heterogeneity analysis and publication bias 
 
 
 
 
 
-0.5 0.0 0.5 1.0
Overall Response Ratio 
FRB
CRB
TRB
Figure. S1. Mean treatment effect values for fine root biomass
(FRB), coarse root biomass (CRB) and total root biomass
(TRB) Error bars are 95% bootstrapped confidence intervals.
Significant treatment effects are indicated by confidence
intervals that do not overlap zero. The number of study cases
included in each case is in brackets.
(37)
(20)
(41)
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Chapter 3: Fine root dynamics and functional traits in a Eucalyptus 
woodland exposed to elevated CO2. 
1. Introduction 
Land-use change and fossil fuel combustion are the main drivers of rising atmospheric CO2 
concentrations ([CO2]), altering carbon and nutrient cycling in forest ecosystems (IPCC, 2014). 
Currently, forests act as a buffer against the rapid increase in atmospheric [CO2] as they assimilate 
CO2 in biomass via photosynthesis and transfer a substantial amount of C into soil organic matter 
(Cotrufo et al. 2015; Norby & Jackson, 2000). Fine root production is a key component of the 
forest C cycle, typically accounting for an even greater proportion of total primary productivity 
than aboveground growth (Jackson et al. 1997; Vogt et al. 1995). Fine roots also represent the 
main pathway for C transfer to the soil via fine root litter input, respiration and exudates release, 
with important consequences for soil C stocks and properties (Sulman et al. 2014; Iversen et al. 
2012; Crow et al. 2009). Fine root litter can be stabilized as part of soil organic matter via physico-
chemical protection (Cotrufo et al. 2015; Rasse et al. 2005), while exudate release is a major 
driver of microbial activity and decomposition of SOM, enhancing soil CO2 efflux (Drake et al. 
2011; Kuzyakov, 2010). Given this role, and the knowledge that fine root production and turnover 
rates are particularly sensitive to changes in environmental conditions (Hodge, 2009; Gill & 
Jackson 2000), studies aimed at understanding relationships between eCO2, fine root dynamics and 
soil C storage have received increasing attention in recent years. 
There are many potential effects of eCO2 on fine root dynamics and these vary 
considerably between ecosystems (Piñeiro et al. 2017; Körner et al. 2007). A common response of 
forest Free-Air CO2 enrichment (FACE) experiments is a stimulation of fine root productivity and 
standing biomass (Norby & Zak, 2011; Iversen et al. 2008; Matamala & Schlesinger, 2000), but 
Chapter Three: Fine root dynamics at the EucFACE experiment 
Juan Piñeiro Nevado, PhD Candidate 
 
29 
 
transient (Day et al. 2013; Ferguson & Nowak 2011), null (Handa et al. 2008) and negative 
responses have also been reported (Bader et al. 2009). The majority of FACE experiments 
showing sustained stimulation of fine root production and standing biomass have been conducted 
in aggrading forest stands, which are thought to be more responsive to eCO2 due to the typically 
young age of the vegetation and adequate soil space for root exploration (Norby & Zak, 2011). 
However, in mature and/or densely populated stands, changes in standing root biomass are less 
likely to occur as fine roots may have reached their maximum density (i.e. “root closure”; Day et 
al. 2013). In such cases, an eCO2 stimulation of fine root production, if any, necessarily results in 
faster turnover rates, commonly defined as the ratio between production and standing biomass 
(Lukac, 2012). The few experiments located in steady state forests and woodlands have reported 
transient or no stimulation of either fine root biomass or production, with periodic responses 
associated with particular climatic events such as droughts (Ferguson & Nowak, 2011), or natural 
disturbances such as fires or hurricanes (Day et al.2013). Indeed, the limited empirical evidence on 
how fine roots will respond to eCO2 in mature forest systems precludes reliable incorporation of 
processes driven by fine roots into Earth System Models (Norby et al. 2016). 
 Whilst measuring changes in the biomass, production and turnover of fine roots is an 
essential first step for determining the extent of the eCO2 fertilization effect (Franklin et al. 2009), 
assessing changes in fine root chemical and morphological traits is critical to understand plant-
driven mechanisms of C and nutrient dynamics under eCO2 (Cotrufo et al. 2015; Luo et al. 2004). 
Fine root decomposition rates are primarily driven by the chemical composition of the senesced 
roots, as well as soil temperature and moisture (Prieto et al. 2016). The most commonly observed 
effects of eCO2 on tissue chemistry, including fine roots, involve increases in C concentrations 
([C], Luo et al. 2004; Eissenstat et al. 2000), decreases in mineral nutrient concentrations, 
particularly nitrogen (N), and increases in C:N ratios (Nie et al. 2013). Because litter 
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decomposition rates decrease as tissue [C] and C:nutrient ratios increase (Prieto et al. 2016), 
greater [C] in fine root litter can lead to an accumulation of SOC stocks (Luo et al. 2004). Changes 
in fine root production are also associated with shifts of their morphological traits. Some FACE 
experiments showing eCO2-driven increases in fine root production report concomitant shifts 
towards greater production of longer and thinner fine roots (Nie et al. 2013; Smith et al. 2013; 
Iversen et al. 2008; Lukac et al. 2003). Such morphological traits are often associated with greater 
nutrient and water uptake capacity (e.g., Fort et al. 2014), shorter lifespan and greater metabolic 
activity (Eissenstat, 2000). Because of the paucity of information on the effects of eCO2 on fine 
root morphological and chemical traits, integrative monitoring of these metrics is critically 
important to elucidate the ability of forests to maintain or increase their C storage capacity under 
future CO2 concentrations. 
In this study we examined fine root dynamics (i.e. biomass, production and turnover), 
morphology (e.g., diameter, specific root length) and tissue chemistry in a mature Eucalyptus 
woodland (EucFACE) exposed to eCO2 for three years. While fine root dynamics are commonly 
studied in FACE studies (mostly through minirhizotron monitoring), the temporal dynamics of fine 
root chemistry has been less studied (Nie et al. 2013). In this regard, our experimental approach 
entails a more detailed temporal resolution on the effect of eCO2 on fine root chemistry, allowing a 
more accurate estimation of C and nutrient budgets at the stand level (Norby & Zak, 2011).  To 
date, eCO2 exposure at EucFACE has resulted in increased leaf-level CO2 assimilation rates in 
both trees and understory communities (Ellsworth et al. 2017; Pathare et al. 2017), although it has 
not stimulated net aboveground productivity (Collins et al. 2018; Ellsworth et al. 2017; Duursma 
et al. 2016). There is also evidence of short-term enhancement of soil respiration (Drake et al. 
2016) and microbial activity in the rhizosphere (Ochoa-Hueso et al. 2017) during the time period 
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covered by the present study, suggesting an initial increase in transfer of C belowground under 
eCO2 (but see Drake et al. 2018). Based on previous evidence from the EucFACE experiment and 
other FACE studies (Norby & Zak, 2011), we hypothesize that eCO2 will increase fine root 
production. However, given that this is a mature stand, the standing crop of fine root biomass 
should be at equilibrium. Thus, we predict that there will be no effect on fine root standing 
biomass, but rather that eCO2 will lead to faster turnover rates (Norby & Zak 2011; Körner et al. 
2007).  Finally, we hypothesize that eCO2 will alter fine root morphological and chemical traits 
(Nie et al. 2013). In particular, we expect these changes to involve shits towards reduced diameter, 
greater fine root length and reductions in C concentration, which tend to be associated with greater 
fine root production (Fort et al. 2016). 
2. Material & Methods 
2.1. Study site and experimental design. 
This study was conducted at the EucFACE experiment at Western Sydney University near 
Richmond, New South Wales, Australia (33°61‟ S, 150°74‟ E). A detailed description of the study 
site can be found elsewhere (Drake et al. 2016; Ellsworth et al. 2017; Ochoa-Hueso et al. 2017). 
Briefly, the EucFACE experiment is located in a mature (> 75 years old); temperate Eucalyptus 
woodland sited on an alluvial plain. The long-term average (>20 years) annual rainfall, minimum 
and maximum temperatures are 724 mm, 11.1 and 24.3°C, respectively (https://bit.ly/2OFBAOr).  
Precipitation is distributed fairly evenly throughout the year, with slightly higher rainfall during 
summer (December-February) and less during winter (June-August). The soil is a loamy sand 
Chromosol of the Clarendon Formation with a mean soil pH of 5.45 (0–15 cm), an organic matter 
content of 1.8% (Hasegawa et al.2016) and a percentage of sand, silt and clay content of 84.1%, 
6.4% and 9.5%, respectively. The dominant overstory species, Eucalyptus tereticornis, has a 
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density of ~ 600 trees ha
-1
 and variable leaf area index ranging from 1.1 during dry periods to 2.2 
after heavy rainfall events (Duursma et al. 2016). There is a diverse understory of ≈90 species, 
including shrubs (e.g. Breynia oblingifolia, Bursaria spinosa, Hakea sericea and Sida 
rhombifolia), graminoids (e.g. Microlaena stipoides, Cynodon dactylon and Paspalidium distans) 
and forbs (e.g. Commelina cyanea and Lobelia purpurascens) as common species (Hasegawa et al. 
2018). 
 The EucFACE experimental design involves six 25 m diameter arrays (FACE rings) 
surrounded by vertical gas distribution pipes (28 m height; Hendrey et al. 1999). The location of 
the rings was selected so that there were minimal pre-treatment differences in species composition, 
tree density and tree size between rings. Elevated CO2 treatment started on 18
th 
September 2012 in 
three randomly selected rings at the initial CO2 concentrations of ambient +30 ppm, with the 
remaining three rings receiving ambient air. The concentrations in eCO2 rings were ramped up 30 
ppm every 4-5 weeks, reaching target concentrations (ambient + 150ppm) on 6
th
 February 2013. 
Soil moisture in the top 5-25 cm was recorded every 15 minutes using soil water content 
reflectometers (CS650-L, Campbell Scientific, Garbutt, QLD, Australia), with eight probes 
installed in each ring. Three quantum sensors (LI190SB, Campbell Scientific, Australia) and one 
air temperature probe (HMP155 Humidity and Temperature Probe, Vaisala, Australia) were 
installed within each ring, at a height of 2 m, recording understory photosynthetically active 
radiation (PAR) and air temperature at 1 minute intervals, respectively. Daily values of 
environmental data were averaged for each sampling period and used in subsequent analysis. 
2.2. Fine root biomass sampling and processing. 
To measure fine root standing crop, eight intact soil cores (standing crop biomass) were collected 
at each of two depths of 0-10 and 10-30 cm within four randomly located, permanent 1x1 m plots 
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(i.e. two locations per 1 x 1 m plot) in each CO2 treatment ring using a soil auger (5 cm diameter). 
Samples were collected in February 2014, June 2014, September 2014, December 2014, May 
2015, September 2015 and February 2016. On each sampling occasion, mesh-free in-growth root 
cores were installed by in-filling the holes left after standing crop samples were obtained with 
root-free sieved soil collected adjacent to each CO2 treatment ring. Each in-growth core was 
marked with a PVC cylinder inserted 1 cm into the top layer of the soil. Altogether, 192 samples 
were collected during each sampling campaign (i.e. eight standing crop cores at each of two depths 
and eight in-growth cores at two depths in each of the six CO2 treatment rings). 
 Sampling design and methodology are known to be important determinants of the values 
obtained from fine root studies due to the high spatial variability of fine root vertical and lateral 
distribution (Macinnis-Ng et al. 2010; Jourdan et al. 2008). Two independent studies assessing the 
spatial distribution of fine roots in the study area served as a benchmark for our sampling design 
(Ochoa-Hueso et al.in prep.;Macinnis-Ng et al. 2010). Notably, in July 2008, Macinnis-Ng et al. 
(2010) investigated root distribution within the upper 1 m of soil close to the study site and found 
that between 78-85 % of total fine root biomass was located within the first 30 cm of soil. 
Furthermore, a pilot study (0-50cm sample depth) undertaken in 2012 immediately adjacent to the 
EucFACE experimental rings, found that 90% of the fine root biomass was located in the upper 30 
cm(Ochoa-Hueso et al. in prep). These findings coincide with global assessments of fine root 
vertical distribution that suggest the majority of fine roots (ranging from 78 to 90%) in forest 
ecosystems are typically located within the O and A horizons (Schenk, 2008). 
After collection, all samples were transported to the laboratory and stored in the dark at 
4°C until they were completely processed, within 15 days of field collection. To separate roots, 
samples were sieved through a 1-mm mesh and then sorted by hand, collecting any visible live 
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root material. Live roots were distinguished from dead based on their tensile strength and white 
colour (Matamala & Schlesinger, 2000). Live roots were sorted into two size classes; (1) fine 
roots, defined as roots with a diameter < 2 mm and no secondary growth and, (2) coarse roots, 
with a diameter > 2 mm and/or evident secondary growth. We deliberately excluded coarse root 
data for this study as small sample volumes can lead to a unrepresentative picture of the overall 
coarse root pool (Taylor et al. 2013).  Additionally, we chose this fine root classification instead of 
an order-based classification (Laliberté 2017; McCormack et al. 2015) because we were often 
unable to collect intact roots that comprised multiple root orders using the soil coring method. An 
order-based classification also requires species-specific sampling (McCormack et al. 2016), which 
would have increased the destructive nature of the sampling undertaken within this long-term 
experiment. Thus, although our fine root classification may include both absorptive and transport 
roots, it focuses on the most ephemeral pool and allows comparison with previous FACE studies 
where the most common classifications have used a diameter-based classification (e.g., Handa et 
al. 2008; Matamala & Schlesinger 2000). 
Fine roots were carefully washed of soil particles and half of the samples were scanned 
(800 dpi, Epson Perfection 4990 scanner), within 2 days after separation from the soil. Note that 
scanning analysis were conducted for samples collected in Dec-14, May-15 and Sept-15. The 
images were analyzed using Winrhizo
TM
 software (Regent Instrument Inc., Sainte-Foy, QC, 
Canada) to determine total root length, average root diameter and root length within 0.1-mm-
diameter classes. After scanning, fine roots were oven-dried (70 °C for 2 days) and weighed. From 
the subset of scanned roots, we calculated specific root length (SRL) as the ratio of root length to 
root dry mass (cm g
-1
), and root length density (RLD) as the ratio of root length to soil volume (cm 
cm
-3
). We further calculated the percentage of total length belonging to fine roots with a diameter 
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< 0.5 mm as a surrogate of investment into absorptive tissues (Picon-Cochard et al. 2012). For all 
sampling dates, small representative subsamples (~100 mg) from each standing crop core, at both 
depths, were ground on a Wig-L-Bug dental grinder (Crescent Dental Manufacturing Co., 
Chicago, IL, USA). Total C and N concentration were determined in these roots using an 
elemental analyzer (Costech Analytical Technologies, Inc., Valencia, CA, USA), while P 
concentration in fine root tissue was assessed using X-ray fluorescence spectrometry (Epsilon 
3XLE, PANalytical B.V., Almelo, Overijssel, The Netherlands; Reidingeret al. 2012). X-ray 
fluorescence instruments are widely used for a rapid and accurate elemental analysis of a range of  
plant materials (Hartley et al. 2015; Reidinger et al. 2012). 
 
Figure 1:Time series of: a) Daily precipitation (black bars) and site level averages of soil volumetric water content (vSWC, blue 
line) during the study period; b) Violin plots depicting fine root standing crop on each sampling occasion. Plots show the median 
value with balloons showing the density distribution; c) Time series of daily mean air temperature (grey points) and trend line 
across the study period; d)Violin plots depicting fine root production during each sampling campaign. Plots show the median 
value with balloons showing the density distribution. 
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2.3. Calculations and statistical analyses. 
Fine root biomass (FRB) and production (FRP) were assessed directly from standing crop and in-
growth cores, respectively, while fine root turnover (FRT) was calculated as the ratio between FRP 
and the average FRB between consecutive sampling dates (Lukac, 2012). Carbon, N and P inputs 
were calculated as the product of fine root turnover and the concentration of each element 
measured in fine roots collected from standing crop cores in the previous sampling campaign. 
Given the unequal length between sampling dates, we standardized FRP, FRT and nutrient transfer 
from FRT prior to analyses by dividing these values by the number of days between consecutive 
sampling dates. As in other studies, we assumed no nutrient resorption during fine root senescence 
(Aerts, 1997). 
All statistical analyses were performed using R 3.3.2 (R Core Team, 2016). Plot-level values were 
used to calculate ring means, resulting in a single, ring-mean value for analyses with n = 3 for each 
CO2 level. First, we examined the effects of soil moisture, air temperature and PAR on fine root 
dynamics (i.e., FRB, FRP and FRT), chemical composition and nutrient transfer from fine root 
turnover through multiple regression analysis in a linear-mixed effects model framework 
(Hasegawa et al. 2018). To do so, we summed fine root values from both soil depths and 
incorporated ring-averaged values of soil moisture (SWC), air temperature (Temp) and PAR 
between consecutive sampling dates as fixed predictors in the analysis (Duursma et al. 2016; 
Hasegawa et al. 2016). "Ring" was included as a random factor to account for temporal 
autocorrelation (Zuur et al. 2009). Environmental predictors were Z-standardized prior to analysis 
and we constructed all possible models combining the environmental parameters, and compared 
models using the second-order Akaike information criterion for a small sample size (Burnham & 
Anderson, 2004). Models with a ΔAICc> 3 have no support relative to the best-fit model and were 
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omitted. When multiple models were selected (AICc< 3), we used a model averaging approach to 
determine the relative importance of the included predictors along with their standardized effect 
sizes (Burnham & Anderson, 2004). Once environmental predictors were identified, we performed 
repeated-measures ANOVA using linear-mixed effects models with the “nlme” package (Bates et 
al. 2015) to examine whether relationships differed between CO2 levels. We incorporated CO2 
treatment along with its interaction with the selected predictors into the fixed term, while retaining 
Ring as a random factor. In such cases where more than one environmental predictor was found to 
be significant in the multiple regression analysis, we performed the analysis incorporating the 
interaction of CO2 treatment and one environmental parameter, while using the remaining 
significant parameters as covariates (Zuur et al.2009). 
We further tested the effects of CO2, soil depth and sampling dates on fine root dynamics, 
all morphological traits and nutrient transfer from FRT using a repeated-measures framework. In 
these analyses, CO2, “Depth”, “Date” and their interactions were included as fixed effects, while 
“Ring”, “Depth” within “Ring” and “Date” within “Depth” and within “Ring” were included as 
random factors to account for spatial and temporal autocorrelation between samples. In these 
analyses, P-values were approximated by F test using Type II ANOVA tests with Kenward-Roger 
Degrees of Freedom (Kenward & Roger, 1997).When interactions with CO2 were found at P < 0.1, 
we examined CO2 treatment differences for each level of a given factor by pairwise comparisons 
using the „lsmeans‟ package. All analyses were checked for the assumptions of residual normality 
and variance homogeneity. While our model structure provides the correct denominator degrees of 
freedom to test hypotheses related to the effects of factor variables (e.g., Drake et al. 2018), we 
often observed that these models failed with the assumption of variance homogeneity (Zuur et al. 
2009). To avoid such issues, we used a constant variance function structure that allowed different 
variances for each date (Zuur et al. 2009). EucFACE shares the limitation of all forest FACE 
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studies – low ring replication and associated low statistical power. We, therefore, report results 
related with CO2 at the significance level of P< 0.1 as a statistically important indication of 
treatment effects (Filion et al. 2000). 
3. Results 
3.1. Fine root dynamics. 
Fine root standing biomass (FRB) in the top 0-30 cm of soil was greatest in September 2014 (228 
± 59 g m
2
) and lowest in September 2015 (127± 24 g m
2
), with a coefficient of variation averaged 
across dates of 24 ± 6 % (Figure 1). Over the two years of sampling, FRB decreased with 
increasing soil moisture (P<0.01, Table 1), a pattern that differed significantly between levels of 
CO2 (P=0.046, Table 1, Fig. 2a).  Overall, FRB was 55% greater in the top 10 cm (123± 43 g m
-2
) 
compared to values at 10-30 cm depth (Table 2, Fig. 3). While we did not find evidence of overall 
CO2 effects on the depth distribution of FRB, we found a three-way interaction between CO2, 
Depth and Date (Table 2, Fig. 3), indicating depth-dependent differences in the response of 
standing biomass to eCO2 across time. Fine root biomass at 10-30 cm depth was 15% lower under 
eCO2, compared to ambient CO2, in February 2014(Fig. 3), but 21% greater in February 2016 
under eCO2 at the same depth (Fig. 3). 
Soil VWC (m3 m-3)
0.0000
0.0025
0.0050
0.0075
0.0100
0.1 0.2
100
150
200
250
300
0.1 0.2
0.00
0.25
0.50
0.75
1.00
12.5 15.0 17.5 20.0
0.00
0.25
0.50
0.75
1.00
0.1 0.2
Soil VWC (m3 m-3) Temperature (ºC)
A
d
j.
F
R
B
 (
g
/m
2
)
A
d
j.
F
R
T
 (
d
a
y
-1
)
A
d
j.
F
R
P
 (
g
/m
2
 d
a
y
-1
)
a) b)
c) d)
VWC: P<0.01
CO2 x VWC: P=0.04
VWC: ns
Temperature: P<0.01
VWC: P<0.01
Figure 2:Partial regression plots for relationships between: a) FRB and soil moisture, b) FRP and air temperature, c) FRT and 
soil moisture, d) FRP and soil moisture, generated from multiple regression analyses with environmental variables. Each point 
depicts ring-means in each sampling campaign, with black circles representing ambient and white circles representing eCO2. 
Regression lines are shown with 95% confidence intervals (CIs). 
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Table 1: Summary of multiple regression analyses testing the effects of environmental parameters(soil moisture, understorey photosynthetic active radiation and air temperature, left 
side of table) and interactive effects with CO2 treatment (right side) on fine root biomass, productivity, turnover, chemistry, morphological traits and nutrient inputs from fine root 
turnover. F and P-values for CO2 treatment come from a model including CO2 and the most important environmental predictor (Env). If CO2 x Env interaction is not significant at 
P<0.1, it was removed and results from the model without interactions are presented. 
 SWC Temp PAR CO2(1,4) CO2 x VWC (1,30) CO2 x Temp(1,30) CO2 x PAR (1,30) 
 Estimate P-value RI Estimate P-value RI Estimate P-value RI F-value P-value F-value P-value F-value P-value F-value P-value 
FRB -27.91 <0.001 1 1.91 0.732 0.2 1.68 0.734 0.1 1.097 0.354 4.288 0.044 - - - - 
FRP -54.31 <0.001 1 -35.11 0.001 0.4 -33.43 0.022 0.3 0.036 0.854 1.354 0.255 1.96 0.176 1.42 0.245 
FRT -0.28 0.043 1 -0.24 0.16 0.4 -0.29 0.106 0.7 1.89 0.243 2.13 0.114 - - - - 
FR [C] -0.29 <0.001 1 0.20 0.281 0.3 0.36 0.121 0.2 6.28 0.051 0.039 0.84 - - - - 
FR [N] -0.029 0.008 0.8 0.06 <0.001 0.8 -0.076 0.001 0.8 0.32 0.661 0.053 0.812 2.32 0.135 2.15 0.164 
FR [P] 0.58 0.192 0.6 -0.001 <0.001 1 0.45 0.211 0.4 8.92 0.042 - - 24.41 <0.001 - - 
SRL  4.84 0.047 0.4 -6.04 0.141 0.1 -3.59 0.191 0.1 0.46 0.494 1.24 0.29 - - - - 
RTD -0.062 0.066 0.2 0.05 0.069 0.2 0.092 0.048 0.3 0.56 0.512 - - - - 0.85 0.370 
Diameter -0.009 0.058 0.1 0.015 0.052 0.3 0.015 0.011 0.5 6.13 0.061 - - - - 0.18 0.67 
VFR% 0.019 0.224 0.2 -0.023 0.185 0.2 0.055 0.631 0.2 1.84 0.242 - - - - - - 
RLD -0.001 0.253 0.1 -0.003 0.624 0.1 0.007 0.412 0.1 0.06 0.964 - - - - - - 
Belowground 
C input 
-24.10 <0.001 1 -23.78 <0.001 1 - - - 0.26 0.631 4.89 0.031 0.29 0.594 - - 
Belowground 
N input 
-0.58 <0.001 1 -0.403 0.021 0.4 -0.33 <0.001 0.7 0.02 0.892 3.79 0.063 0.02 0.886 0.15 0.696 
Belowground 
P input 
-0.021 <0.001 1 -0.011 0.006 0.3 -0.015 <0.001 0.6 0.30 0.619 2.68 0.11 0.88 0.406 2.54 0.121 
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Fine root production (FRP) in 2014 (261 ± 69 g m
-2
 y
-1
) was 27% greater than in 2015 (191 
± 65 g m
-2
 y
-1
). As was observed for FRB, FRP decreased with increasing soil moisture (P<0.01, 
Table 1, Fig. 2) and air temperature (P<0.01, Table 1), but these relationships did not differ 
between ambient and elevated CO2 rings (Fig. 2b,c). Overall, FRP was 22 % greater in the 
uppermost (0-10cm) soil layer compared to the 10-30cm depth (Table 2, Fig. 3), although this 
difference was not statistically significant. Despite the lack of overall CO2 effects on FRP across 
the full sampling period, eCO2 stimulated FRP during autumn 2014 (+14%, P=0.03, Fig. 3) and 
spring-summer 2016 (+9%, P<0.1, Fig. 3). This CO2-driven stimulation mainly occurred in the 
deeper soil profile, with similar productivity rates between CO2 levels in the upper depth. Mean 
fine root turnover (FRT) was not affected by environmental conditions, nor were there significant 
interactions between eCO2 and environmental parameters (Table 1, Fig. 2). Fine root turnover was 
13% faster at the deeper, compared to the shallower soil layer (P=0.03, Table 2). Interestingly, we 
found a three-way interaction between CO2, Date and Depth, with eCO2 accelerating FRT by 77% 
in June 2014 in the deeper soil profile (Table 2, Fig. 3).  
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Figure 3: Temporal and spatial dynamics of fine root biomass, production and turnover under ambient and elevated CO2 
concentrations at each sampling date. Asterisks denote p-values <0.05 obtained from pairwise mean comparisons via Tukey's HSD 
test. Error bars indicate SE. 
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3.2. Fine root chemical and morphological traits. 
Fine root [C] did not show significant relationships with any of the environmental parameters 
included as predictors (Table 1). There was, however, a significant increase in FR [C] under eCO2 
compared to ambient, with 42.02 and 40.4 % of C respectively (+4%; P=0.02, Table 1, Fig.4). Fine 
root [C] also differed between soil depths, having 41.1 and 41.7 % at 0-10 and 10-30 cm depths 
respectively, when data was averaged across CO2 and sampling dates (+1.5%; P=0.07; Table 2, 
Fig. S1) and between sampling dates (i.e. 40.4 and 42.4% in 2014 and 2015 respectively, +4% , 
Table 2). Pairwise comparisons also revealed effects of eCO2 on FR [C] at specific soil depths on 
particular sampling dates (Table 2, Fig. S1). For instance, eCO2 increased F [C] (10-30cm depth) 
in February-14 and December-14 (+6 %, P=0.05; +11%, P= 0.03, respectively, Fig. S1) when 
compared to ambient conditions. At 0-10 cm depth, fine root [C] was 10% higher under eCO2 in 
May-15 (P= 0.05, Fig. S1). Fine root [N] was negatively related to soil moisture and PAR, and 
positively to air temperature (P<0.01 in all cases, Table 1). Interestingly, we found that the 
relationship between FR [N] and PAR differed between CO2 levels, with FR [N] decreasing more 
steeply with increasing PAR under ambient CO2 conditions (P=0.07, Table 1).The N concentration 
in fine roots also varied between sampling dates (+ 9% in 2014 compared to 2015, Table 2) and 
depths (+12 % at 0-10 cm compared to 10-30cm, Table 2), but we did not find an overall CO2 
effect on FR [N] nor an interaction between Depth and Date. Fine root tissue [P] was positively 
related to air temperature ( P<0.01, Table 1). Despite generally higher FR [P] under eCO2 (+12 % 
across the study period, Fig. 4), there was no statistically significant difference between CO2 levels 
(Table 1). There was, however, a significant interaction between CO2 and temperature, with FR [P] 
increasing more steeply under eCO2 with increasing temperature (P< 0.01, Table 1). Fine root [P] 
varied between sampling dates, being on average 12% lower in 2015 than in 2014 (Table 2); P 
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concentration also varied between soil depths, with those fine roots located at 0-10cm depth 
having 18% higher concentrations than those from the deeper layer (P<0.01). Further analysis 
revealed a 16% increase in FR [P] under eCO2 in June 2014 (P<0.05), mainly driven by large 
effects of eCO2 in the deeper soil layer during this period (Fig. S1). 
   
 
  Regarding fine root morphology, we found that SRL decreased with increasing soil 
temperature, with no differences in this relationship between CO2 levels. In addition, we did not 
find differences in SRL between soil depths, between sampling dates, nor any interactions between 
these and CO2treatment (Table 2).  Fine root length density (RLD) decreased with soil moisture 
(P=0.02, Table 1) and increased with PAR (P=0.04, Table 1). In addition, we found that CO2 
treatment altered the relationship of RLD with both soil moisture and PAR, showing steeper 
decreases with soil moisture under eCO2 (P=0.07, Table 1), and a decrease in RLD with increasing 
PAR under eCO2 (P=0.1; Table 1). Averaged fine root diameter was not significantly related to 
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environmental conditions at this site over the two years of sampling, nor were there any 
interactions between eCO2 and environmental variables.    
 
Figure 5.  Bar plot showing mean values of fine root morphological traits under both levels of CO2 treatment, averaged across the 2 
year study period.  Error bars indicate SE. 
 
3.3. Carbon, Nitrogen and Phosphorus inputs from fine root turnover. 
Despite significant CO2-associated increases in FR [C], and modest increases in FR [P], there were 
no treatment effects on estimated C and P inputs from fine root turnover (Fig. 5). Carbon inputs 
decreased with increasing soil moisture and PAR (P<0.01 in both cases, Table 1). The decline in C 
inputs under increasing soil moisture was less pronounced under eCO2 than under ambient CO2 
levels (P=0.03, Table 1). Overall, C inputs from fine root turnover were 22% greater in the deeper 
soil layer (P=0.07). Comparison between sampling dates revealed larger inputs of C during 2014, 
with the lowest inputs experienced from Sep-15 to February-16 (P=0.04), a period during which 
soil moisture levels were generally high (i.e. 0.18 SWC). Both N and P inputs followed a similar 
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pattern to C inputs, namely a reduction under higher levels of soil moisture and PAR (P<0.01 in all 
cases, Table 1). However, there was no evidence of an effect of CO2 treatment on these 
relationships (Table 1). Regarding sampling dates, we found greater nutrient transfer during 2014 
relative to 2015 (on average +12 % and +9 % for N and P, respectively), but no differences 
between soil depths (Table 2). Trends in N and P inputs across sampling dates and soil depths were 
similar at both levels of CO2 (Table 2). 
 
 
4. Discussion 
During two years of seasonal sampling in a mature Eucalyptus woodland exposed to eCO2, we 
found that fine root dynamics and functional traits varied strongly with environmental drivers such 
as soil moisture, air temperature and PAR in complex and interacting ways. In particular, SWC 
was a primary driver of fine root biomass and production, with greater values of both metrics 
found during drier periods. The response to eCO2 of fine root dynamics, fine root traits and 
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subsequent inputs of nutrients from fine root turnover were dependent upon these environmental 
drivers and occurred particularly at soil depths of 10 to 30 cm. These results highlight the very 
considerable importance of tracking changes in abiotic conditions to understand the effects of 
eCO2 on fine root-mediated processes. 
 
4.1. 1. Fine root natural dynamics at the EucFACE experiment. 
Our values for fine root standing biomass fall within the ranges reported from similar Eucalyptus 
woodlands in Australia. For instance, a study carried out in Eucalyptus populnea stands along a 
rainfall gradient ranging from 300 to 1100 mm y
-1
 in southeast Australia found mean values within 
the top 30 cm of soil ranging from 200 to 300 g m
-2 
(Zerihun et al. 2006), while a comparable 
study undertaken in the same general area as ours reported similar values of fine root biomass in 
the upper 30 cm of soil (i.e. ~330 g m
-2
;  Macinnis-Ng et al. 2010). Our values of fine root 
production also fall within the ranges reported for similar Eucalyptus woodlands (Jourdan et al. 
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2008) and other forests exposed to eCO2 (e.g. Pregitzer et al. 2000), but turnover rates are slightly 
higher compared to other experiments (Matamala & Schlesinger 2000; Iversen et al.2008) likely 
highlighting the steady state nature of this woodland. Importantly, FRT is sensitive to the method 
of calculation (Hendricks et al. 1993) and the climatic and compositional characteristics of the 
stand (Abramoff & Finzi, 2015), all of which can lead to large variability in estimated turnover 
rates between studies (Strand et al. 2008). Incubation time is also a potential source of uncertainty 
as fine root proliferation into the root-free soil can be faster during initial stages of core installation 
(Lukac, 2012). However, fine root production in subtropical ecosystems usually occurs in multiple 
pulses during the year when conditions become favorable (Radville et al. 2016), a notion that 
justifies our seasonal approach to sampling.  
Previous reports from this study system have indicated that precipitation and/or SWC are 
the main drivers of aboveground production, for both tree leaf-area index (Duursma et al. 2016) 
and understory vegetation (Collins et al.2018), while eCO2 plays only a minor role. In agreement 
with this, SWC was found to be a stronger predictor of fine root standing biomass and production 
than air temperature or understory PAR during our two-year sampling period. Interestingly, the 
reduction in fine root production and turnover during wetter periods corresponds with observations 
of increased aboveground production during periods of high soil SWC after rains that has been 
reported for the study site (Collins et al. 2018; Duursma et al. 2016). This suggests a trade-off in 
the allocation of C to above and belowground sinks depending on soil water availability.   
 
4.1. 2. Effects of elevated CO2 on fine root dynamics. 
The majority of eCO2 experiments have generally observed increased fine root production and/or 
standing biomass in response to CO2 enrichment (e.g., Smith et al. 2013; Iversen et al. 2008, 
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Lukac et al. 2003).  The lack of effect of eCO2 at the EucFACE on FRB is, thus, in sharp contrast 
with results from FACE experiments in aggrading forests, for which large (up to 80 % stimulation) 
and sustained (up to 8 years) increases have been reported. Thus, our results reinforce the idea that 
the standing pool of FRB is less sensitive to eCO2 in mature stands than in young tree plantations 
and aggrading forests (Day et al. 2013; Körner et al. 2007). Other studies have shown that fine 
root responses to eCO2 can be transient depending on fluctuating abiotic factors such as SWC and 
temperature (Day et al. 2013; Bader et al. 2009; Handa et al. 2008). In line with this, the negative 
relationships between FRB and increasing SWC in our study were less pronounced under eCO2, 
suggesting a greater stability of the fine root population in plots exposed to eCO2 during periods of 
fluctuating water availability. Indeed, the observed changes in fine root chemical composition (i.e. 
greater [C]), and the absence of any shift towards a more acquisitive morphology (e.g. similar 
diameter and slightly lower SRL) are often associated with longer fine root lifespan and resistance 
to abiotic stress (Eissenstat et al. 2000). 
We observed eCO2-driven pulses in FRP and FRT during both dry and wet periods and in 
contrasting seasons (i.e. June-2014; and Feb-2016, respectively). As with many water-limited 
ecosystems, FRP and FRT rates are strongly affected by precipitation events (Day et al.2013), 
although fine root responses to changing moisture conditions may occur with a time lag 
(Sondereger et al.2013).Both antecedent SWC levels and the size of the fine root pool may have 
played a role in the observed responses under eCO2 during periods where significant treatment 
effects were found. The greater FRP under eCO2 seen during autumn 2014 may be attributed to a 
faster response to the precipitation events experienced during this period (Fig. 1). A similar 
response was observed in the Mojave Desert FACE experiment, where FRP increased immediately 
following precipitation in plants exposed to eCO2 (Sonderegger et al. 2013). As in our experiment, 
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this short-term response seemed to be more important during autumn, particularly after unusual 
summer periods when plants experience lower productivity rates due to unfavorable environmental 
conditions (Sonderegger et al. 2013). Indeed, summer 2013 was particularly severe at the 
EucFACE, ranking the 8
th
 highest in mean temperatures and 10
th
 lowest in average rainfall across 
historical records (https://goo.gl/foy4Aq). The eCO2 enhancement of FRP in the summer of 2016 
took place during a recovery phase following a severe psyllid defoliation of overstory trees across 
all experimental plots. Interestingly, the tree canopy recovered more quickly in eCO2 than ambient 
plots (unpublished data) and therefore, the observed increase in FRP under eCO2 during this period 
may well reflects greater C fixation and transfer belowground during this period. Similar patterns 
regarding fine root production after natural disturbances have been observed in other CO2 
experiments. For example, in a scrub-oak ecosystem exposed to eCO2 for 11years, Day et al. 
(2103) reported faster FRP under eCO2 only after fires and hurricanes. They argued that greater 
resource availability, including soil space, and reduced belowground competition resulting from 
disturbance promoted greater FRP under eCO2. A similar mechanism may also serve to explain the 
stimulation of FRP under eCO2 between September 2015 and February 2016 at our site, when soil 
conditions became more favorable, as reflected by increases in nutrient availability (Ochoa-Hueso 
et al. in prep), SWC (i.e. 75% field capacity; Fig. 1) and reduced competition for space from 
surviving roots. Interestingly, enhanced fine root production under eCO2 took place in the deepest 
soil layer (i.e. 10 – 30cm), where there are lower fine root biomass, which points to available soil 
space as an key driver affecting vegetation ability to increase fine root production (Day et al. 
2013). 
Fine root turnover was not affected by eCO2 in our experiment, with mean seasonal 
estimates varying substantially between sampling periods, from 2.19 y
-1
 in June 2014 to 0.82 y
-1
 in 
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December 2014. On average, our values are relatively high compared to other FACE studies 
conducted in aggrading forest (e.g. Pritchard et al. 2008) and may be evidence of the steady state 
of FRB instead of a continuing expansion of root systems (Smith et al. 2013; Iversen et al. 2008). 
However, despite the lack of overall eCO2effects on FRT, we observed faster turnover rates under 
eCO2 coinciding with production pulses, suggesting that fine root production resulted in 
replacement of existing fine roots rather than an increase in standing crop biomass. This response 
contrasts with that observed in other FACE experiments in aggrading, younger forest stands 
(Iversen et al. 2008), where expansion of fine roots (particularly at deeper soil layers) contributed 
to greater fine root standing biomass. Certainly, newly produced fine roots are expected to have 
more uptake capacity than older fine roots (Norby & Zak, 2011) and thus, may represent plant 
strategies devoted to maximize nutrient uptake. We observed lower FRT to coincide with greater 
FR [C], particularly under eCO2. This suggests that greater FR [C] may be associated with a 
greater lifespan (Eissenstat et al. 2000).    
4.2. Effects of eCO2 on fine root chemical and morphological traits.  
Overall, the observed positive effects on fine root [C] along with the lack of shift towards a more 
acquisitive morphology (i.e., greater SRL, RLD and VFR%) under eCO2 suggests that the 
vegetation at EucFACE is not investing more C into soil resource acquisition through changes in 
fine root traits. Previous reports on nutrient dynamics at EucFACE showed increases in the 
availability of both N and P (Hasegawa et al. 2016), as well as modest increases in soil respiration 
(Drake et al. 2016), both effects commonly associated with greater metabolic activity of fine roots. 
However, our results do not indicate that such processes were mediated by changes in fine root 
traits. Instead, it could be interpreted that plants had a reduced need to invest in more expensive (in 
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terms of C investment) fine root traits under eCO2, due to microbially-mediated enhanced 
availability of these resources (Ochoa-Hueso et al. 2017; Bader et al. 2009).  
Measurements of fine root chemistry revealed a significant increase in the concentration of 
C, but no change in N or P, in response to eCO2 (Table 2). Higher C concentrations in leaves and 
fine roots have been commonly observed in plants exposed to eCO2 (Nie et al. 2013; Handa et al. 
2008) associated with enhanced photosynthetic C fixation. Our results suggest that fine roots of 
plants exposed to eCO2 contained a greater proportion of structural carbohydrates than their 
ambient counterparts, contrary to what has been found in other FACE experiments (e.g. Handa et 
al. 2008). Further, we can rule out the hypothesis that the diameter distribution of fine roots 
affected our measurements of [C], as there were no differences in the average diameter (Table 1) 
or in the proportion of total fine roots with a diameter below 0.5mm. The higher FR [P] under 
eCO2 in both autumn samples coincides with overall increases in FR [N], which can be associated 
with increased availability of N and, particularly P, under eCO2, allowing plants to maintain P 
uptake during late summer and autumn (Ochoa-Hueso et al. 2017; Hasegawa et al. 2016).    
Experiments elsewhere, and meta-analyses, have reported significant decreases in the 
concentration of N in fine roots under eCO2, with this effect resulting in increases in C:N ratios 
(Nie et al. 2013). Despite significant increases in FR [C], we did not detect significant differences 
in C:nutrient ratios in fine roots under eCO2. Increases in C:nutrient ratios are often associated 
with decreased fine root decomposability (Prieto et al. 2016), which in the longer-term may reduce 
any CO2 fertilization effects due to nutrients being locked up in recalcitrant litter (Luo et al.2004), 
but can promote greater soil C storage due to stabilization of soil organic C pools. The lack of 
treatment effects on fine root stoichiometry suggests that fine root litter produced under eCO2 is 
not more likely to be incorporated into stable soil C pools than that produced under ambient CO2.  
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Regarding fine root morphological traits, responses from FACE experiments are variable, 
and often depend on the species involved and the environmental conditions experienced during 
CO2 enrichment (Nie et al. 2013; Smith et al. 2013). For example, root length has been observed 
to be affected positively (Norby et al. 2004), negatively (Wang et al. 2004) or neutrally (Higgins 
et al. 2002) by eCO2. In a recent summary of fine root morphological responses to eCO2 across 
field experiments, Nie et al. (2013) reported a 26% increase in fine root length and an 8% increase 
in fine root diameter in plants exposed to eCO2. In our experiment, we did not find significant 
changes in either total fine root length or diameter in response to eCO2. We further explored 
changes in functional traits (i.e. SRL, VFR%) that characterize economic aspects of the fine root 
system such as investment in resource acquisition relative to construction cost (i.e. SRL, average 
diameter; Eissenstat et al. 2000) and how the fine root network is distributed through the soil (i.e.  
RLD and VFR%).While we did not find significant treatment effects of eCO2 on any of these 
traits, the observed trends for all of them as a whole (i.e. greater diameter, lower SRL and VFR%, 
and increases in C concentration under eCO2) suggests a shift towards a more conservative 
function (Kramer-Walter et al. 2016). Given the earlier reports on enhanced nutrient availability at 
the study site (Hasegawa et al. 2016), shifts towards greater uptake capacity might be not required 
under eCO2. However, these results should be taken with caution and might not be indicative of 
lower uptake capacity because greater mycorrhizal colonization – not measured in this study – can 
also result in tends to show shifts towards this type of attributes. In any case, although this 
response is very modest and non-significant, it suggests a coordinated response between traits, as 
observed in other experiments (Kramer-Walter et al. 2016; Fort et al. 2014), including chapter 5 in 
this thesis. 
4.2. Effects of eCO2 on C and nutrient input from turnover 
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Despite clear effects of eCO2 on FR [C], we did not detect overall changes in the amount of C (nor 
N or P) transferred to soil via FRT. Greater C pools and inputs from senesced fine roots have been 
reported in some FACE experiments (e.g. Evans et al.2014; Iversen et al. 2008) as a consequence 
of quantitative changes in the biomass of fine roots but not their chemistry. Given the great 
variability in fine root biomass, production and turnover rates we found over the two year 
sampling period, it is likely that the enhancement of fine root [C] was too small for a consistent 
treatment effect on total C inputs to be detected statistically, and thus, may need more time and/or 
more intense sampling to be evident. There was only one occasion - June 2014 – on which it was 
estimated that eCO2 treatment stimulated root C inputs, at a depth of 10-30cm, driven by an 
increase in productivity at this depth. Intriguingly, this enhancement of C inputs took place during 
a relatively dry period, contrasting with the modeled positive relationship between C inputs and 
SWC. Although treatment effects on productivity and turnover were greater during dry periods, 
effects of eCO2 on FR [C] were stronger during relatively wet periods, implying that eCO2 can 
increase belowground C inputs via changes in both tissue chemistry and productivity, with relative 
contributions depending on temporal patterns in soil moisture. 
 Our estimates of P inputs from FRT are comparable to those reported in other studies 
(Aaerts et al. 1992; Vitousek, 1984), but there is a paucity of studies examining such patterns. In 
steady-state ecosystems on highly weathered soils, most of the P requirements by plants must be 
met by the decomposition of plant residues, as P inputs from weathering of bedrock are negligible 
(Vitousek,1984). Regarding eCO2 effects, our finding of increased belowground P inputs under 
eCO2 during dry periods can be attributed to greater FRT in dry soils. While FR [P] tended to be 
greater (although not significantly so) under eCO2 during the two year study period, the small 
reductions in FRTunder eCO2 during the wettest periods explain the lack of increased P inputs 
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under such conditions. Our findings of greater fine root inputs of P under eCO2 in dry conditions 
are in line with the observed increases in soil P availability in earlier studies at EucFACE (Ochoa-
Hueso et al. 2017; Hasegawa et al. 2016). However, this increase in soil P inputs/availability has 
not been associated with increased production or biomass accumulation under eCO2 at the site 
(Collins et al. 2018; Ellsworth et al. 2017; Duursma et al. 2016). Whether this results from lower 
retention of nutrients in surface soil layers as a result of leaching during subsequent, frequent 
rainfall events clearly deserves further attention.  
 
5. Conclusions 
Overall, our results on fine root biomass and production dynamics at EucFACE are in line with the 
observed patterns for aboveground plant responses, namely, a strong dependence on water regimes 
and a lack of consistent stimulation under eCO2 conditions. However, in contrast with 
relationships observed for aboveground productivity, fine root production was greatest under lower 
levels of soil moisture, suggesting that belowground C investment is prioritized under dry soils. In 
addition, we observed punctuated production pulses under eCO2 - particularly in deeper soil layers 
- associated with specific climatic events and a major canopy defoliation episode. These results are 
in line with findings from other FACE experiments suggesting that CO2-associated increases in 
belowground productivity occur where there is sufficient soil space and likely lower competition 
intensity belowground. The study of fine root functional traits does not suggest shifts towards 
more acquisitive functions or shorter lifespan in response to rising atmospheric CO2 
concentrations. In conclusion, we have seen limited effects of eCO2 on fine root dynamics when 
compared with other FACE experiments in aggrading forests, but transient and significant 
responses can occur in response to complex and dynamic environmental conditions. Predictive 
Chapter Three: Fine root dynamics at the EucFACE experiment 
Juan Piñeiro Nevado, PhD Candidate 
 
54 
 
modeling approaches, therefore, need to take such relationships into account to accurately predict 
fine root responses in mature stands. In addition, our results suggest that existing biogeochemical 
models parameterized with data from young tree plantations might be overestimating belowground 
responses to rising CO2 concentrations. 
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Table 2:Summary of linear mixed effect models testing the effects of [CO2], Depth and Date (Year) on fine root dynamic components, tissue chemistry , fine root morphology and 
nutrient inputs.  
 CO2 
(1,4) 
Depth 
(1,4) 
Date 
(6,48) 
CO2 x Depth 
(1, 4) 
CO2 x Date 
(6,48) 
CO2 x Date x 
Depth (6,48) 
Date x Depth 
(5,48) 
 F-value P-value F-value P-value F-value P-value F-value P-value F-value P-value F-value P-value F-value P-value 
FRB 0.002 0.96 12.7 0.02 10.36 <0.01 1.41 0.30 1.35 0.25 2.12 0.06 1.46 0.18 
FRP 0.022 0.66 3.01 0.15 6.49 <0.01 1.11 0.36 1.34 0.27 1.18 0.33 2.45 0.11 
FRT 0.10 0.76 9.03 0.03 1.88 0.11 5.51 0.07 0.61 0.69 2.30 0.06 0.63 0.67 
FR[C] 0.001 0.98 5.65 0.07 4.11 <0.01 3.11 0.13 1.82 0.10 1.49 0.20 3.96 <0.01 
FR[N] 0.09 0.77 4-31 0.10 2.94 0.01 0.24 0.64 0.66 0.67 0.26 0.95 1.41 0.23 
FR[P] 0.15 0.91 4.48 0.10 3.86 <0.01 0.09 0.76 0.30 0-92 2.48 0.03 2.94 0.01 
FR C:N 0.04 0.85 3.94 0.12 4.71 <0.01 1.01 0.37 0.57 0.75 0.35 0.88 0.64 0.69 
FR C:P 0.38 0.56 1.69 0.26 4.95 <0.01 1.22 0.33 0.31 0.92 3.02 0.01 3.94 <0.01 
SRL 0.10 0.76 0.06 0.80 1.45 0.25 0.08 0.77 0.23 0.79 1.09 0.32 2.05 0.11 
RLD 2.05 0.22 3.96 0.06 7.482 <0.01 2.99 0.10 1.40 0.26 1.33 0.28 2.13 0.08 
Diameter 0.89 0.39 0.00 0.91 0.97 0.39 0.05 0.82 0.11 0.89 1.09 0.32 1.95 0.21 
VFR 0.45 0.53 1.54 0.28 0.55 0.58 0.00 0.99 0.18 0.82 0.11 0.89 0.27 0.71 
Belowground C 
input 
0.004 0.97 1.41 0.31 2.14 0.08 1.40 0.30 1.17 0.33 2.07 0.08 0.96 0.45 
Belowground N 0.01 0.91 0.39 0.56 3.51 0.01 0.52 0.50 1.26 0.29 1.91 0.10 0.97 0.44 
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input 
Belowground P 
input 
0.02 0.88 0.33 0.59 2.57 0.04 1.09 0.35 0.78 0.56 1.89 0.10 1.07 0.37 
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Chapter 3: Supplementary information.   
 
Table 1:Summary of linear mixed effect models testing the effects of [CO2] and Year on fine root 
dynamic components, tissue chemistry and nutrient inputs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ring-Date 
CO2 
(1,4) 
Year 
(1,4) 
CO2 x Year 
(1, 4) 
 F-value P-value F-value P-value F-value P-value 
FRB 0.2212 0.6626 11.9136 0.0260 0.1549 0.7140 
FRP 0.20400 0.6749 3.64227 0.1090 0.23627 0.6523 
FRT 4.31578 0.1163 0.13884 0.7283 11.39242 0.0279 
FR[C] 5.420 0.0804 2.456 0.1921 0.008 0.9316 
FR[N] 0.4008 0.5611 3.4991 0.1347 0.0835 0.7870 
FR[P] 11.8503 0.0262 6.3131 0.0659 8.7198 0.0418 
FR C:N 0.0699 0.8045 6.9328 0.0580 0.9523 0.3844 
FR C:P 1.51   0.2868 25.41   0.0073 2.10   0.2206 
FR N:P 0.293   0.6173 0.111   0.7561 0.368   0.5767 
C input 1.37572   0.3059 23.93356   0.0081 0.26564   0.6334 
N input 1.33396   0.3124 29.41540   0.0056 0.00033   0.9863 
P input 7.16842   0.0554 34.12528   0.0043 2.22161   0.2103 
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Figure S1: Temporal and spatial dynamics of fine root tissue chemistry under ambient and elevated CO2 
concentrations. 
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Figure S2 :Temporal and spatial distribution of C and nutrient inputs from fine root turnover under 
ambient and elevated CO2 concentrations. 
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Figure S3 :Fine root C: nutrient ratios under ambient and elevated CO2 concentrations. 
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Chapter 4: Productivity responses of a woodland understorey plant 
community under elevated CO2 are driven by phosphorus, rather than 
water availability. 
 
1. Introduction
 
A primary scientific question in climate change research is the extent to which terrestrial 
ecosystems will continue strengthening their role as net CO2 sinks under rising atmospheric 
[CO2] concentrations (Friedlingstein et al. 2014). Elevated CO2 has been shown to stimulate 
plant carbon uptake in a wide range of plant species and experimental conditions (Curtis & 
Wang 1998; Leakey et al. 2009; Ghannoum et al. 2010), however, plant acclimation (Crous et 
al. 2011) and/or concomitant increases in fine root (Jackson et al. 2009) and soil microbial 
respiration (Carol-Adair et al. 2011) may counteract such increases at the ecosystem scale. 
While organ-level responses to eCO2 are relatively well-known, particularly for leaves (Leakey 
et al. 2009), scaling-up such responses to the whole plant-level is challenging due to the 
variability in the physiological effects of eCO2 between different types of leaves (i.e., shade vs. 
sun leaves) and fine roots (i.e., absorptive vs. transport roots, Laliberté 2017). In addition, 
whole-system approaches under natural conditions are scarce due to the high costs associated 
with large-scale experimental set-ups (Hendrey et al. 1999), which also limits their replicability 
across ecosystem types and across gradients of resource availability (Norby et al. 2016). 
However, experimental approaches that can account for the myriad biotic and abiotic 
interactions occurring in natural conditions, while allowing for the simultaneous manipulation 
of the environmental drivers that modulate such responses, are needed to make reliable 
predictions about the future pace of climate change. 
 Enhanced rates of photosynthesis -the so-called “CO2 fertilization effect” – is a key 
process by which ecosystem-level carbon (C) sequestration can be increased under eCO2 
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(Mooney et al.1991). However, there is a considerable body of evidence suggesting that the 
persistence and magnitude of this fertilization effect is dependent on the availability of other 
potentially limiting resources, including water and mineral nutrients (Körner et al. 2007; Norby 
& Zak, 2011; Ellsworth et al. 2017). Such limitations usually trigger plant-level adaptations 
that not only increase nutrient uptake, but also lead to a greater efficiency in the use of soil 
resources (Finzi et al. 2007), thus potentially promoting enhanced growth under eCO2. 
Although both mechanisms may be at play in the CO2 fertilization effect, elucidating which of 
these processes dominates under which environmental conditions is critical because this may 
have different consequences for net CO2 exchange and soil C stocks (Finzi et al. 2007; Bonan, 
2008; Carrillo et al. 2010). For instance, greater transfer of labile C belowground as a way to 
enhance soil resource exploitation usually stimulates fine root and microbial metabolism with a 
subsequent increase in the amount of CO2 released back to the atmosphere via soil respiration 
(Bonan, 2008; Kuzyakov, 2010; Finzi et al. 2015). In contrast, greater nutrient use-efficiency is 
associated with greater C:nutrient ratios in plant tissues and litter, slowing down microbial 
decomposition of soil organic matter and thus C-turnover at the ecosystem-scale (Luo et al. 
2004, Finzi et al. 2007). Therefore, understanding how terrestrial ecosystems and the plant and 
associated microbial communities adapt their responses to rising CO2 concentrations is crucial 
for determining net biosphere-atmosphere C feedbacks. 
 Traditionally, realistic predictions of eCO2 effects have relied on Free Air CO2 
Enrichment (FACE) experiments, mostly conducted in temperate regions and predominantly in 
N and/or water-limited stands within the Northern Hemisphere (Norby et al. 2016). However, 
there is a lack of evidence for effects of eCO2 on ecosystem functioning in the highly 
weathered, low-phosphorus (P) tropical and subtropical ecosystems from the Southern 
Hemisphere (Peñuelas et al. 2013). Moreover, the question of whether eCO2 can stimulate P 
availability and/or increase its use-efficiency in these soils, as has been seen for nitrogen (N) in 
N-limited stands, has received comparatively little attention (Leuzinger & Hättenschwiler , 
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2013; Norby et al. 2016), and the relatively few investigations that have been undertaken under 
field conditions have reported mixed results (Johnson et al. 2003; Khan et al. 2008; Hasegawa 
et al.2016; Ochoa-Hueso et al. 2017). In naturally N-limited stands, increased plant transfer of 
C belowground – in the form of labile C-rich compounds from fine root exudates and litter 
(Nieet al. 2013) – has been associated with greater soil microbial activity under eCO2 
(Kuziakov, 2010; Phillips et al. 2011) and this, in turn, regulates both plant productivity and 
ecosystem CO2 flux under eCO2 (Finzi et al. 2015). However, the role of such a mechanism in 
naturally P-deficient soils is still unclear (Dijkstra et al. 2013) because P, in contrast to N, can 
be mobilized directly by fine roots from both organic and inorganic sources through abiotic 
reactions (i.e. dissolution/desorption and hydrolysis processes, respectively; Richardson et al. 
2009). Thus, P-deficient soils may not exhibit greater microbial activity under eCO2 if 
chemical mobilization of P can support plant demand (Dijkstra et al.2013). 
To compound this, one must take into account the direct effects of  eCO2 on plant water 
relations and its feedbacks on water and nutrient availability in the soil (Wullschleger, 2002). 
Along with increased rates of photosynthesis, eCO2 often decreases stomatal conductance, 
reducing transpirational water loss (Leakey et al. 2009) and resulting in increases in both water 
use efficiency (WUE) and soil moisture (Morgan et al. 2004, Leuzinger & Hättenschwiler, 
2013). These eCO2-associated effects on plant water use can ameliorate the negative effects of 
drought on growth, particularly in semi-arid ecosystems (Chiariello & Field, 1996; Morgan et 
al. 2004; Shaw et al. 2005). In addition, soil water savings may have positive effects on 
nutrient availability because soil moisture and nutrient mineralization rates are often positively 
correlated (e.g. Kreuzwieser & Gessler, 2010). Whilst many studies have looked at interactions 
between eCO2 and drought, relatively few have considered interactions with enhanced levels of 
water supply (Wullschleger, 2002). In tropical and subtropical ecosystems, where water is not a 
primary limiting factor, positive  feedbacks of soil water savings on nutrient availability may 
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be negligible. Furthermore, with climate predictions of increased summer rainfall in northern 
and eastern Australia, along with a greater frequency of large, deluge rainfall events (Webb & 
Hennessy, 2015), understanding how eCO2 interacts with greater than average levels of rainfall 
and soil water availability is also important.  
 In this study, we used soil collected from a subtropical, P-limited eucalypt woodland 
(Crous et al. 2015) located in Eastern Australia containing the native soil seed bank, to grow a 
potted replica of local understory communities. Such an approach allows a realistic 
investigation of the main processes regulating whole-ecosystem functions while maintaining 
biotic and abiotic interactions between plant-soil-microbial assemblages along with the 
modulating role of soil resources on the responses to eCO2. We investigated how the 
availability of two key soil resources (P [no P added; +30 mg P kg soil
-1
] and water [simulating 
average vs. above-average growing season SWC levels]) affects the response of the emergent 
understory plant community and ecosystem functioning to eCO2, along with the feedbacks of 
key mechanisms underpinning ecosystem carbon exchange. In particular, we hypothesize that 
(H1) total plant biomass production will be greatest under higher levels of CO2, water and P 
supply (Körner et al. 2007; Reich &Hobbie 2013). In addition, we expect (H1a) positive 
interactions between P addition and eCO2 on plant production as P is the most limiting resource 
for plant growth in these soils (Crous et al. 2015). In contrast (H1b), we expect stronger 
positive effects of P addition than of water addition under eCO2 due to the particularly strong 
P-limitationof these soils. We also predict that (H2) eCO2 will increase fine root production 
and rhizosphere enzyme activity under low P and water supply conditions as a functional 
response to greater nutrient demand (Iversen et al. 2008; Drake et al. 2011), but not under high 
levels of these resources. Finally, we hypothesize that (H3) eCO2 will lead to greater net CO2 
uptake rate, although we expect this effect to be bigger under higher water and P supply due to 
Chapter Four: Phosphorus fertilization drives community level responses to elevated carbon dioxide 
Juan Piñeiro Nevado, PhD Candidate 
 
68 
 
both positive interactions between eCO2 and soil resource availability on biomass production 
and a lack of stimulation of rhizosphere microbial activity under high-resource conditions 
2. Materials and methods 
2.1. Experimental setup 
The Cumberland Plain woodland that served as the source for soil and its associated seedbank 
is located near Western Sydney University, at Richmond, NSW, Australia (33°36′39″S, 
150°44′23″E). The stand is a P-limited woodland (Crous et al. 2015) dominated by Red Gum 
(Eucalyptus tereticornis) with a diverse understory community comprised of approximately 70 
species, including shrubs such as Breynia oblongifolia and Sida rhombifolia and C3 and C4 
grasses such as Microlaena stipoides and Eragrostis curvula as dominant species, respectively 
(Hasegawa et al. 2018). Mean annual precipitation at this site is ~800 mm and soils, which are 
part of the Clarendon Formation, are mainly P-limited with a pH of 5.7, 10 g kg
−1
 organic C, 
1.25 g kg
−1
 organic N, and 0.062 g kg
−1
 total P. In April 2015, surface soil (0-20cm) was 
collected and split into two separate layers; an organic layer (0-2 cm) containing the native 
seed bank and an inorganic layer (2-20 cm). Before using, the organic soil (seed source) was 
homogenized by sieving through a 4 mm sieve and stored in a dark room at 4 °C for cold 
stratification for a period of two weeks. Inorganic soil was homogenized by sieving through a 4 
mm sieve, and air-dried. Three hundred and fifty grams of organic soil were placed on top of 
3,300 g of inorganic soil in 64 pots (21 cm. in diameter, 16cm in height). The bottom of each 
pot consisted of a PVC cap with four drilled drainage holes covered with 2 mm mesh. Given 
that pot size is an important issue in experiments evaluating the effects of eCO2 on plant roots 
(Arp, 1991; Poorter et al. 2012), it is important to note thatthere was no evidence that roots of 
any plants were pot-bound (see results)”.  The plant community was allowed to naturally 
develop from the native seed bank, with 12 h of light (approximately 800 µmol m
-2
 s
-1
), at 26 
°C when lights were on and 21 °C when lights were off, and 40% relative air humidity. 
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Artificial lighting (1100 W lights, P.L. Artificial light Systems, Beamsville, ON) was used 
whenever the natural light intensity fell below 200 W m
2
 between 7 A.M. and 6 P.M. (Argus 
Control Systems Ltd., White Rock, BC). This approach allowed for the development of a 
realistic plant community as it used the existing soil seed bank and maintained natural soil-
microbe-plant interactions, whilst allowing community development to be monitored in a 
controlled environment (Wurth et al. 1998; Ochoa-Hueso & Manrique 2014). 
 The experimental design comprised a factorial combination of two levels of CO2 (400 
ppm and 570 ppm) and four levels of soil resource supply: P fertilization (0 or 30 kg P ha
-1
), 
and its combination with two levels of water supply (50% and 90% of the soil water holding 
capacity). Thirty-two pots were placed under eCO2 (two chambers; 16 pots per chamber) and 
32 under ambient CO2 (two chambers; 16 pots per chamber) concentrations. In order to 
minimize chamber effects, pots were randomly swapped between chambers every week 
throughout the 14 weeks of the growing period. The pots in the high P treatment were amended 
with 30 kg P ha
-1 
using commercial triple super phosphate (Ca(H2PO4)2H2O) mixed in with the 
mineral soil during pot preparation. During the first two weeks of the experiment, all pots were 
watered to gravimetric soil moisture contents (gSMC) of 21% (i.e., 90% of soil water holding 
capacity) to ensure homogeneous seed germination across water treatments, after which pots 
were held at treatment soil watertarget contents (12 and 21%). All pots were weighed and 
watered to their target weights (to achieve required gSMC) three times per week. This design 
resulted in eight replicates for each level of CO2, phosphorus and water supply. 
2.2. Assessment of net ecosystem CO2 exchange 
Pot-level CO2 fluxes were measured 4 times during the experiment (10
th
June, 2
nd
July, 11
th
 
August, and 29
th
 August 2015) using a translucent PVC chamber, 30cm diameter x 100 cm 
high, fitted with one circulating fan to ensure good mixing of air within the chamber, and an 
open-path LI-7500 infrared gas analyzer (LI-COR) for measuring [CO2] (Bachman et al. 
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2010). Four pots for each treatment combination were placed in custom-fit 30 cm diameter 
PVC rings and the PVC chamber was sealed on to these. Once sealed, CO2concentrations were 
measured for 120s of stable flux measurements, as a measure of net ecosystem carbon 
exchange (NEE). After each individual NEE flux measurement was complete, we covered the 
PVC chamber with black material to block out light (i.e., stop CO2 assimilation) and recorded 
CO2 concentrations for an additional 120s to obtain a measure of pot-level respiration (Reco). 
The chamber was not ventilated between measurements (Cleary et al. 2015). All CO2 flux 
measurements were carried out on the same day between 8 am and 12 pm, during stable 
weather conditions.CO2 flux (F) was calculated using the following equation: 
𝐹 =
[
𝑑𝐶 ′
𝑑𝑡
× 𝑃(1.000−𝑊𝑖) × 𝑉]
8.314 × 𝑇𝐴
 
where dC’/dt is the rate of change in the dry-air molar fraction of C over 120 s, P is the air 
pressure (kPa) recorded on the LI-7500 internal pressure transducer, Wi is the initial water 
vapour molar fraction, V is the chamber volume (m
3
), T is the temperature (Kelvin) and A is 
the ground area covered by the chamber (m
2
). GPP was calculated from the relationship: NEE 
= GPP –Reco. and water use efficiency (WUE) was calculated as GPP/ET (where ET is 
evapotranspiration). We adopted the standard sign convention for NEE used for eddy 
covariance (Baldocchi 2003), with negative values indicating CO2 uptake by the ecosystem and 
positive values indicating flux to the atmosphere. Similarly, we used the same convention for 
WUE, with negative values indicating greater CO2 uptake per unit of water transpired 
(Baldocchi 2003). 
2.3. Plant harvest and calculations 
All plants were harvested 14 weeks after the experiment commenced, and separated into 
leaves, stems and roots. Aboveground plant material in each pot was oven dried (70 °C for 48 
h) and weighed. Root systems were carefully washed of soil particles, oven dried (70 °C for 48 
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h) and weighed to determine total root biomass and the proportion of biomass allocated 
belowground relative to aboveground. 
 Dried leaves and fine roots from each pot were ground separately and analysed for C 
and N concentrations with a CHN elemental analyser (LECO TruSpec, LECO Corporation, St 
Joseph,MI,USA). Phosphorus concentrations in leaves and fine roots were assessed using an 
X-ray fluorescence spectrophotometer (Maarschalkerweerd & Husted, 2015; Epsilon 3XLE, 
PANalytical B.V., Almelo, Overijssel, The Netherlands).Whole plant N and P uptake was 
calculated as the product of plant biomass and tissue N and P concentration, weighted by the 
biomass of each tissue (i.e. aboveground and roots) in each pot. We further calculated the use 
efficiency of N and P as the ratio of whole-plant community C to N and C to P, respectively.  
2.4. Rhizosphere extracellular enzyme activity measurements. 
Rhizosphere soil samples were obtained by collecting soil particles attached to the finest roots 
(average diameter <0.1 mm)sampled from 0-10 cm depth in each pot. The potential activity of 
eight extracellular enzymes related to C, N and P cycles in rhizosphere soils were assessed 
fluorometrically following the methods described in Bell et al. (2013). Briefly, we assayed: α-
1,4-glucosidase (AG; starch degradation), β-1,4-glucosidase (BG; starch degradation), β-
xylosidase (XYL; hemicellulose degradation) and β-D-cellobiohydrolase (CBH; cellulose 
degradation) for the C cycle; β-1,4-N-acetylglucosaminidase (NAG; chitin degradation) and L-
leucine aminopeptidase (LAP; protein degradation) for the N cycle; phosphatase (PHOS; 
phosphorus mineralization) for the P cycle. Assays were conducted by homogenizing 1 g of 
soil in 33 ml of 50 mM sodium acetate buffer (pH 5.5) for 1 minute. The homogenised 
solutions along with fluorometric substrates were then added to a 96-deep-well (2 ml) 
microplate and incubated for 1.5 h at 35 °C. Standard curves were prepared for each sample by 
adding 800 µL of soil slurry to 200 µL of standard stocks (4-methylumbellfferone (MUB) of 7-
amino-4-methylcoumarin (MUC) at a range of different concentrations. Following incubation, 
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the supernatant solution was transferred into corresponding wells in a black, flat-bottomed 96-
well plate and were then scanned on a microplate fluorometer (2300, EnSpireMultilabel 
Reader, PerkinElmer, Boston, MA, USA) using an excitation wavelength of 365 nm and an 
emission wavelength of 450 nm (Ochoa-Hueso et al. 2017). 
2.5. Statistical analysis 
The effects of CO2, soil resource supply (four levels; i.e., low water-low P; high water-low P; 
low water-high P; high water-high P), time, and their interactions on CO2 exchange metrics 
were assessed in a repeated-measures framework. We carried out linear mixed effects models 
using the "nlme" package in R version 3.1.0 (Pinheiro et al. 2018) to evaluate the effects of 
CO2, resource availability and time (as fixed factors) on NEE,GPP, Reco and WUE, while 
accounting for multiple measurements within each replicate by nesting time within pots (Zuur 
et al. 2009). To assess the effects of eCO2 on soil moisture (i.e. soil water savings), we used the 
estimates of soil water content calculated at each watering event in a linear mixed effects 
model, including CO2, resource supply, time and their interactions as fixed factors, and time 
nested within pot as a random factor (Zuur et al. 2009).The main effects of CO2,resource 
supply, and their interactions on plant and rhizosphere-related metrics were assessed using 
two-way analysis of variance in the “stats” package in R version 3.1.0. All analyses were 
checked for residual normality and variance homoscedasticity, and log-transformations were 
applied when necessary to meet analysis assumptions. Post-hoc differences between CO2 levels 
at each resource addition treatment were examined for all models with Tukey’s Honest 
Significant Difference test for multiple comparisons using the “lsmeans” function within the 
“lsmeans” package in R version 3.1.0 (Russell 2016). Finally, we carried out structural 
equation modelling (SEM; Grace 2006) to evaluate thedirect and indirect effects of eCO2, 
water and P on time-averaged, pot-level net ecosystem exchange (NEE), gross primary 
productivity (GPP) and respiration (Reco). Our a priori model (Fig. S1) also included those 
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plant and soil properties that are known to control CO2 exchange rates in natural 
plantcommunities such as plant biomass (both aboveground and belowground, Hacker et al. 
2015), leaf tissue N (Finzi et al. 2007) and microbial activity in the rhizosphere (Carrillo et al. 
2010; Phillips et al. 2011). We included rhizosphere enzyme activities as surrogates of 
microbial activity (Sinsabaugh et al. 2008). To obtain a quantitative index for the eight 
enzymes, we first normalized (log-transformed when needed) and standardized each of them 
(i.e., BG, CB, AG,XYL, NAG, LAP, PHOS) using the z-score transformation. These 
standardized values were then averaged to obtain a microbial activity index, in a procedure 
similar to that used in the multifunctionality literature (Maestre et al. 2012, Ochoa-Hueso et al. 
2018). Then, we parameterized our a priori model using our data set and tested its overall 
goodness-of-fit. To test the goodness-of-fit of the model, we used the chi-square test (the 
model has a good fit when 0.5 < P ≤ 1) and Bollen–Stine bootstrap (the model had a good fit 
when 0.1 < bootstrap P ≤ 1; Schermelleh-Engel et al. 2003; Grace, 2006). To aid with the final 
interpretation of our SEMs, we also calculated the standardized total effects of the categorical 
predictors and plant and soil attributes on each component of ecosystem CO2 exchange (GPP, 
Reco). Total standardized effects of a given variable upon another were calculated by summing 
Figure 1.Average total biomass of aboveground and belowground components for each of the CO2, water and 
P treatments. wp = low water and low P, Wp = high water and low P, wP= low water and high P, WP = high 
water and high P. Error bars represent±1 SE (n=8). Symbols indicate significant differences (P<0.05) between 
CO2 levels from pairwise comparisons for: total plant biomass (*), aboveground biomass (†), belowground 
biomass (‡ ), and root:shoot ratio (#). 
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all direct and indirect pathways between these two variables (Grace 2006). All statistical 
analyses were performed using R 3.1.0 (R Core Team 2017). 
3. Results 
3.1. Plant production, nutrient uptake and nutrient use-efficiency. 
Overall, eCO2 did not increase total biomass, but rather it stimulated aboveground biomass by 
10% (P<0.001,Table1) as well as decreasing root biomass by 7% (P<0.001, Table 1), and 
consequently reducing the root-to-shoot ratio by 5% (P<0.001, Table 1).However, these effects 
were highly dependent on soil resource availability. For example, compared to ambient, eCO2 
increased total plant biomass under high P and low water conditions (+7%, P=0.02,Table 2, 
Fig.1), but not under high levels of both water and P (P=0.14, Table 2, Fig. 1), despite an 
evident trend toward greater biomass. This was due to consistently lower biomass allocation 
belowground under eCO2 with large CO2-associated reductions in root mass at both low levels 
of water and P (i.e. wp treatment-16%; P=0.004;Table 2, Fig.1) and at high levels of these 
resources (i.e. WP treatment -12%; P=0.01;Table 2, Fig.1). 
Table 1. Summary of effects of elevated CO2 and soil resource supply on plant growth, nutrient uptake and 
nutrient use-efficiency. wp = low water and low P, Wp = high water and low P, wP= low water and high P, WP = 
high water and high P. Bold font indicates significance at P<0.05.  
  CO2 (1,8) Soil resources (3,8) CO2 x Soil resources (3,58) 
N = 64 F P F P F P 
Total biomass 0.582 0.442 53.74 <0.001 4.712 0.003 
Aboveground biomass 11.96 <0.001 22.85 <0.001 2.872 0.039 
Belowground biomass 15.75 0.001 52.47 <0.001 5.647 <0.001 
RMF 33.45 0.001 10.36 <0.001 2.645 0.05 
Plant N uptake (g) 0.009 0.971 0.058 0.987 1.112 0.350 
Plant P uptake (g) 0.471 0.493 23.44 <0.001 0.567 0.632 
Plant NUE 1.772 0.164 5.891 <0.001 5.183 0.027 
Plant PUE 1.564 0.234 16.11 <0.001 1.668 0.081 
 
 At the whole plant community scale, there were no significant effects of eCO2 on N or 
P uptake under any level of the P and/or water treatments (Table 2). Despite the lack of 
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significant interactions in the overall model, effects of eCO2 on P uptake did, however, clearly 
depend on soil resource treatments; Plant P uptake was increased by 9 % under eCO2at high 
levels of both P and water (P<0.01,Table 2, Fig. 2), compared to ambient CO2, but not when 
only P was added(Table 2, Fig.2). Plant N- and P-use efficiencies were not affected overall by 
eCO2. They were, however, both altered by soil resource treatments (P<0.001, Table 1) with 
greater NUE in pots not receiving P supply (i.e. wp and Wp treatments, Figure 2) and 
substantially lower PUE in treatments receiving P supply (i.e. wP and WP, Figure 2). There 
was also a significant interaction between CO2 and soil treatments for NUE (P= 0.02 Table 1), 
with pots receiving P supply (both wP and WP) having higher NUE under eCO2 levels than 
those without P supply (marginally significant for wP when CO2levels were compared, P=0.06, 
Fig. 2) 
Table 2. Results of multiple pairwise comparisons (Tukey’s Honest Significant Difference test) depicting 
differences between CO2treatmentsat each level of soil resource addition for plant growth, biomass allocation, 
nutrient uptake and use efficiency. The sign associated with “estimates” denotes positive/negative differences 
between CO2 levels. wp = low water and low P, Wp = high water and low P, wP= low water and high P, WP = 
high water and high P. Bold font indicates significance at P<0.05. 
Variable wp Wp wP WP 
 Estimate P-value Estimate P-value Estimate P-value Estimate P-value 
Total biomass 0.463 0.282 0.222 0.592 -1.021 0.026 -0.63 0.148 
Shoot biomass -0.127 0.781 -0.017 0.972 -0.852 0.021 -0.98 0.008 
Root biomass 0.519 0.009 0.242 0.263 -0.166 0.451 0.36 0.111 
RMF 0.266 0.004 0.096 0.275 0.085 0.344 0.23 0.015 
Plant N uptake 0.007 0.198 0.002 0.699 -0.003 0.579 -0.006 0.281 
Plant P uptake 0.001 0.826 0.014 0.915 -0.002 0.065 -0.0049 <0.001 
NUE 0.076 0.976 1.238 0.675 -5.594 0.063 -1.210 0.643 
PUE 186.1 0.208 130.4 0.505 12.33 0.937 55.149 0.697 
 
3.2. Rhizosphere extracellular enzyme activity. 
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There were no overall effects of eCO2 on rhizosphere enzyme activities when they were 
grouped according to their target element (i.e. C-enzymes, N-enzymes and phosphatase), nor 
were there interactions with soil resource supply (Table 3). This was confirmed by pairwise 
comparisons, but we observed generally higher enzyme activities under eCO2 with high levels 
of both P and water (e.g., C-enzymes increased under eCO2 compared to ambient, at high soil 
resource availability P=0.07, Table 4). The activity of N-associated enzymes, particularly that 
of LAP, was increased by eCO2 at high levels of both water and P (+36% P=0.04, Table 4), but 
not under the other combinations of soil resource supply. LAP was 12% higher under eCO2 
(compared to ambient) at low levels of P and water (Fig. S2) but 13% lower under high P in 
combination with low water (Fig.S2). Despite these modest effects of eCO2 on enzyme 
activities, there were no CO2 treatment effects on enzyme stoichiometry under any level of soil 
resources (Table 3, Table 4, Fig. 3). 
 
Figure 2.Treatment effects on plant uptake of (a) nitrogen and (b) phosphorus, and plant use efficiency 
for (c) nitrogen and (d) phosphorus. wp = low water and low P, Wp = high water and low P, wP= low 
water and high P, WP = high water and high P. Error bars represent±1 SE (n=8). * indicates significant 
differences between CO2 levels p<0.05  
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3.3.Water use efficiency and CO2 fluxes. 
Over the course of the experiment, we found greater SWC under eCO2 in treatments receiving 
high-P supply (i.e. wP and WP; P=0.02 and P<0.001, respectively; Fig.5), indicating that eCO2 
induced soil water savings. However, we did not find effects of CO2 on instantaneous values of 
WUE (measured during CO2fluxmeasurement campaigns), but there was an evidence of greater 
differences between CO2levels over time, with higher WUE under eCO2 (CO2 x Time, 
P=0.007, Table 5). Pairwise comparisons also revealed that positive effects of eCO2 on WUE 
were stronger when both additional water and P were supplied (WP; -12%; P=0.04), 
particularly towards the end of the experiment (Table 6, Fig. 6a).We did not find an overall 
effect of eCO2 on NEE (P=0.29,Table 5). In contrast, we found higher CO2 uptake (i.e. more 
negative NEE) under eCO2 in pots receiving additional P supply (wP -21%, P= 0.01 Table 6, 
Fig. 6b), although not when both P and water were at high supply (WP, P=0.10, Table 6, Fig. 
6b). Ecosystem respiration (Reco) was generally lower under eCO2, particularly during the last 
two measurement campaigns (August 11
th
 and August 29
th
; Table 5, Fig. 6c). There were no 
significant overall effects of CO2 treatment on GPP at any soil resource level (Table 5), 
although there was a trend towards higher GPP (more negative GPP) under eCO2 in pots to 
which only P was added (wP; Table 6, Fig. 5d).  
Table 3. Influence of elevated CO2, and soil resource supply on rhizosphere enzyme activities and their ratios. 
Enzymes were grouped according to their target elements. wp = low water and low P, Wp = high water and low P, 
wP= low water and high P, WP = high water and high P. Bold font indicates significance at P<0.05.  
 
  Nenz PHOS Cenz C:N C:P 
N = 64 F P F P F P F P F P 
CO2(1.8) 1.05 0.308 0.001 0.936 0.031 0.87 0.96 0.32 0.25 0.61 
 Soil Resource (3.8) 
(1.8)lkdjfñlkjsdklfnñlksdR
esource 
6.37 <0.001 21.9 <0.001 9.66 <0.001 2.31 0.08 2.93 0.04 
CO2 x Soil Resource (3.58) 1.10 0.355 1.51 0.214 1.55 0.21 0.17 0.91 0.39 0.75 
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3.4. Direct vs indirect effects of eCO2, on key ecosystem functions (a Structural Equation 
Model). 
In our SEM, eCO2, water supply and P fertilization each exerted control over different 
components of ecosystem function. Elevated CO2 concentrations influenced NEE via a 
decrease in Reco (Fig. 6), high water supply directly enhanced rhizosphere enzyme activity and 
P fertilization had positive effects on plant growth, both aboveground and belowground (Fig. 
6). Despite P addition not having a direct effect on GPP or Reco, total standardized effects were 
significant for GPP, indicating greater CO2 uptake at high P availability. Water also exerted 
indirect control on Reco, likely mediated by its feedbacks on rhizosphere enzymatic activity. 
Surprisingly, rhizosphere enzyme activity was not significantly linked with metrics of CO2 
exchange, or with CO2 treatment, either directly or indirectly. There were, however, indirect 
links between P fertilization and enzyme activity, likely through the positive effects of P 
addition on plant biomass and negative effects on leaf N (%). 
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Figure 3. Rhizosphere extracellular enzyme activities related to C, N and Pcycles and their ratios. Error 
bars indicate ±1 SE (n=8). Asterisks indicate significant differences between CO2 levels (P < 0.05).  
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Table 4.Summary of multiple pairwise comparisons (Tukey’s Honest Significant Difference test) depicting 
differences between CO2 levels at each level of soil resource addition for rhizosphere enzyme activity (grouped 
according to their target element) and their ratios. The sign associated with “estimates” denote positive/negative 
differences between CO2 levels. wp = low water and low P, Wp = high water and low P, wP= low water and high 
P, WP = high water and high P. Bold font indicates significance at P<0.05. 
 
 
4. Discussion 
In this study, we used a model plant community emerging naturally from its native seed-bank 
from a local, P-limited Eucalyptus woodland to explore the role of soil resource availability in 
moderating plant and microbial responses to eCO2. We provide experimental evidence 
suggesting that positive effects of increased atmospheric [CO2] on ecosystem C dynamics are 
strongly constrained by low levels of P availability, and that modest increases in mean rainfall 
are unlikely to have a major impact on these responses. Our data also suggest that plant and 
microbial mechanisms that increase nutrient release from SOM may not be able to overcome 
this P limitation. Although we recognise that there are limitations in extrapolating findings 
from a glasshouse experiment to field situations, this study nevertheless highlights the role of 
several important plant and microbial mechanisms influencing terrestrial feedbacks to the 
carbon cycle that are not yet properly integrated in Earth System Models aimed at predicting 
the future pace of climate change.  
Variable wp Wp wP WP 
 Estimate P-value Estimate P-value Estimate P-value Estimate P-value 
C Enz 22.32 0.697 10.54 0.854 64.909 0.261 -122.5 0.078 
N Enz 4.679 0.853 -0.331 0.989 -0.294 0.990 -59.14 0.043 
Phosphatase 5.32 0.952 1.046 0.990 101.652 0.261 -111.97 0.217 
C:NEnz 0.024 0.603 0.003 0.934 0.049 0.296 0.010 0.820 
C:P Enz 0.021 0.416 0.009 0.703 0.011 0.646 -0.016 0.530 
N:P Enz 0.004 0.856 0.003 0.897 -0.016 0.506 -0.022 0.374 
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Our findings indicate that P supply is the main growth-limiting resource in our study 
system (see SEM, Fig.6), reflecting the importance of P limitation on primary productivity that 
has been recognised in several studies elsewhere (Peñuelas et al. 2013, Crous et al. 2015; 
Ellsworth et al. 2017). The positive effect of P supply on plant biomass was greater under 
eCO2, with the eCO2 fertilization effect being negligible in the absence of P addition. This 
response is in line with field-scale observations at EucFACE and appears to be independent of 
water availability, at least when excessive water limitation (i.e. drought) is not involved 
(Ellsworth et al. 2017;Collins et al.2018, but see chapter 3). Despite the clear role of P 
availability in productivity response to CO2, the absence of a CO2 fertilisation response for 
total plant biomass under high levels of both P and water leads us to reject our first hypothesis. 
This is largely because of the reduction in root biomass under eCO2 and high levels of soil 
resources, compared to ambient CO2, that counteracted positive aboveground responses. 
Figure 4.a) CO2-induced soil water savings, calculated as the percentage difference between means (n=8). 
Negative values indicate lower soil moisture in pots under elevated CO2 levels. b) Treatment effects on mean soil 
water content (SWC). Measurements of SWC took place before watering events. Asterisks denote significant 
differences between CO2 levels at P<0.05. wp = low water and low P, Wp = high water and low P, wP= low water 
and high P, WP = high water and high P. Error bars indicate ±1 SE (n=8). 
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Reduced investment in belowground biomass, or lower root:shoot ratios under eCO2 have been 
reported in other studies where irrigation removed any soil moisture limitation (Roumet et al. 
1996; Volk et al. 2000). Our data therefore support a conclusion that shifts towards greater 
investment in root biomass under eCO2 is more likely when soil moisture levels are low (Volk 
et al. 2000), and is in line with conclusions from several meta-analysis that the effects of eCO2 
on belowground biomass are modest, if any (Poorter & Nagel, 2000, Poorter et al. 2012).  
 
 
The lack of effect of our water treatment on overall plant biomass, and the absence of 
water x CO2 interactions, accord with hypothesis H1a and H1b. Target water levels were 
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Figure 5.Time series of a) water use efficiency (WUE), b) net ecosystem carbon exchange (NEE), c) 
ecosystem-level respiration (Reco) and d) gross primary productivity (GPP). Error bars represent±1 SE 
(n=4). Asterisks indicate differences between CO2 levels from pairwise comparisons at P < 0.05 
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chosen to mimic average soil moisture values from current and predicted growing season 
means at the end of this century at the study site (Webb & Hennessy, 2015) and it is clear that 
such changes are unlikely to have a major impact on growth, at least aboveground. In drier 
(e.g. semi-arid) ecosystems, the positive feedbacks of eCO2 on plant production are attributed 
to enhanced WUE and concomitant soil water savings (Volk et al. 2000; Morgan et al. 2004), 
neither of which were generally affected by eCO2 in our experiment in the absence of P supply. 
These results are in line with those observed at the EucFACE field site, where greater 
photosynthetic WUE was not observed in the dominant understorey species (Pathare et al. 
2017).The important role of soil moisture as a modifier of biomass responses to eCO2 has been 
identified in studies elsewhere, for example relative biomass responses to eCO2 in grasslands 
being greater during drier than average years (Wullschleger et al. 2002; Morgan et al. 2004). 
Our study suggests that above-average levels of soil water availability do not result in an 
enhanced CO2 fertilisation effect. However, we note that there is still the possibility of 
interactions between eCO2 and soil water during growing seasons that experience above-
average rainfall, given the high temporal variability in SWC during the summer months, and 
the potential for longer intervals between rainfall events (and thus periods of low SWC) during 
years of above-average rainfall (Morgan et al. 2004, chapter 3) 
 
Table 5. Results from repeated measures analyses of the effects of CO2, soil resource supply and time on CO2 
exchange metrics and water use-efficiency.Bold number indicate significance at P<0.05. 
  NEE GPP Reco WUE 
 F P F P F P F P 
CO2(1,24) 1.79 0.295 0.192 0.676 3.234   0.084 2.72 0.111 
Soil Resource(3,24) 4.15 0.016 3.295 0.037 0.911 0.450 2.57 0.076 
Time(1,55) 20.26 <0.001 10.53 <0.001 1.320   0.255 9.72 <0.00
1 CO2 x Soil Resource(3,24) 0.643 0.594 0.398 0.754 0.559 0.647 0.85 0.473 
CO2xTime(3,55) 1.512 0.226 0.019   0.889 8.369 0.005 5.54 0.007 
Time x Soil Resource(3,55) 1.362 0.264 0.643   0.590 0.742 0.531 1.25 0.291 
CO2 x Soil Resource x Time(3,55) 0.061 0.983 0.036   0.990 0.249 0.861 0.67 0.671 
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Our second hypothesis - that eCO2 would increase rhizosphere enzyme activity under 
low P and water supply, as mechanisms for increasing nutrient availability - was not supported. 
Extracellular enzyme activities were similar to those reported in other studies (Phillips et al. 
2011, Henry et al. 2005), including under field conditions at the EucFACE experiment (Ochoa-
Hueso et al. 2017). However, in contrast to findings from EucFACE, where eCO2 altered the 
activity of starch- (i.e. CB) and cellulose-(i.e. BG) degrading enzymes, we found negligible 
effects of eCO2 on rhizosphere enzyme activity. These differences may be due to the very low 
levels of soil water that occurred prior to the earlier field sampling (<0.1 VWC; Ochoa-Hueso 
et al. 2017) that contrast strongly with those in our experiment. Indeed, water availability was 
the main factor driving rhizosphere microbial activity in our study, a finding that is in line with 
observations of positive relationships across rainfall gradients (Sinsabaugh et al. 2008) and 
water manipulation experiments elsewhere (Keeler, 2009; Henry 2013). Under eCO2, the 
stimulation in activity of extracellular enzymes related to the decomposition of N-rich 
substrates was only seen when levels of water and P were high. This response is likely due to 
increases in both the absolute and relative demand for N under high P supply (Gill & 
Finzi2016), and greater microbial metabolism with higher levels of soil moisture. 
Experiments combining both eCO2 and nutrient (generally N) fertilization often report 
increased microbial demand for P, expressed as greater phosphatase activity or reductions in 
microbial C:P enzyme ratios (Chung et al. 2007; Menge & Field 2007; Henry, 2013), as well 
as a lack of CO2-associated stimulation of root production (Dieleman et al. 2010). In our 
experiment, this was the case when both additional water and P were supplied, which seems to 
have resulted from greater N availability under eCO2 associated with enhanced activity of N-
related enzymes. This response can be due to changes in the relative allocation between shoots 
and roots driven by greater water supply, with the uptake of N being directed to aboveground 
functions at the expense of root growth. Accordingly, modelling approaches suggest that over-
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investment into fine root biomass under higher N availability might not be an effective strategy 
where such investment would fail to support the additional C costs of maintaining more fine 
root biomass (Dybzinski et al. 2015). Our SEM implies that the stimulation in microbial 
activity associated with the water addition treatment reduced the need for plants to invest in 
fine root biomass. This explanation also fits with the observed increase of N into aboveground  
tissues in this treatment (see also the negative relationship between root biomass and leaf N% 
in SEM, Fig. 6). Interestingly, P addition alone did not increase microbial N demand, and 
suggest that greater fine root biomass is needed for a more extensive soil exploration when N 
availability is low (Beidler et al. 2015).. 
Table 6.Results of multiple pairwise comparisons (Tukey’s Honest Significant Difference test) depicting 
differences between CO2 levels at each level of soil resource addition for CO2 exchange rate metrics, water use-
efficiency and soil water content. Results are averaged across time points. The sign associated with estimates 
denotes differences between CO2 levels. wp = low water and low P, Wp = high water and low P, wP= low 
waterand high P, WP = high water and high P. Bold font indicates significance at P<0.05.  
Variable wp Wp wP WP 
 Estimate P-value Estimate P-value Estimate P-value Estimate P-value 
NEE 0.381 0.694 0.213 0.822 -2.619 0.010 -1.671 0.094 
GPP 1.883 0.193 -1.067 0.412 2.331 0.081 -0.709 0.574 
Reco -1.159 0.018 -1.593 0.002 -2.347 <0.001 -1.984 <0.001 
SWC -0.684 0.189 -0.638 0.220 -1.224 0.020 -2.982 <0.001 
WUE -0.824 0.398 -0.047 0.958 -1.175 0.100 -1.919 0.043 
 
Our final prediction, that net ecosystem CO2 uptake would increase under eCO2, was 
only supported where pots received additional P. The more negative values for NEE (i.e. 
greater net C fixation) under these conditions reflect a reduction in pot-level respiration rather 
than a stimulation of GPP (also supported by our SEM), which is a more commonly observed 
response to eCO2 (Bachman et al. 2010). In this regard, early studies into the role of P supply 
on photosynthetic responses to eCO2 highlight the critical role of P limitation underlying  
Chapter Four: Phosphorus fertilization drives community level responses to elevated carbon dioxide 
Juan Piñeiro Nevado, PhD Candidate 
 
85 
 
photosynthetic inhibition when plants are exposed to eCO2 (Conroy et al. 1986; Sage et al. 
1989; Lewis et al. 1994). Our SEM suggests that although P supply did not directly affect net 
CO2 exchange, the positive effects on CO2 uptake might be mediated by increases in plant 
biomass (note the positive total effects of P treatment on GPP in SEM analysis). Our findings 
of a lack of eCO2 effect on GPP contrast with leaf-level observations from the EucFACE field 
experiment, where stimulation of leaf-level photosynthesis has been reported for both trees and 
understory grasses under eCO2 (Ellsworth et al. 2017; Pathare et al. 2017). Such differences 
may reflect the fact that we report GPP responses, which include a variety of species, and 
leaves that are exposed to varying fractions of light due to shelf-shading (De Pury & Farquhar, 
1997). Differences in photosynthetic responses to eCO2 are well known between species, as 
well as between leaves of contrasting age and canopy position, and likely explain the lack of 
GPP response to eCO2 under low levels of P availability in our study (De Pury & Farquhar, 
1997; Herrick & Thomas 2003). Interestingly, eCO2 consistently decreased stand-level 
respiration across all treatments. Given that eCO2 had only small effects on microbial activity 
(as expressed in terms of enzyme activities), the reduction in system-level respiration can be 
attributed to lower levels of soil respiration (also reflecting reduced belowground biomass; see 
Dieleman et al. 2010 for a review) and/or leaf dark respiration (Azcón-Bieto et al. 1994; Drake 
et al. 1999). Reports on leaf-level responses to chronic exposure to eCO2 suggest that 
mitochondrial respiration can be inhibited under eCO2, particularly when N dilution is induced 
by elevated [CO2] (Drake et al. 1999). Increases in leaf C:N ratios in response to eCO2 suggest 
similar mechanisms may be at play in our experiment.  Interestingly, leaf N% was negatively 
related to Reco in the SEM analysis which, at a first glance, seems to contradict the latter 
statement. We believe, however, that this relationship is a simple consequence of the lower 
biomass (both above and belowground) of plants with higher leaf N% (i.e. those pots not 
receiving P supply), that results in lower pot-level plant respiration. In addition, in the absence 
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of higher water supply, these communities showed the lowest levels of microbial activity, 
which may have contributed to reductions in soil respiration as well.  
5. Conclusions 
Overall, our results provide novel evidence of the role of P-limitation in ecosystem responses 
to eCO2 in a native understorey community from a Eucalyptus woodland. Phosphorus directly 
affected productivity responses to eCO2 as well as net CO2 uptake, but the addition of water 
above average levels did not stimulate nutrient uptake despite higher levels of rhizosphere 
enzyme activity in wetter soils. Elevated CO2 consistently reduced stand-level respiration, but 
it had no overall effect on GPP, suggesting that these two processes are controlled by different 
mechanisms (i.e. physiological inhibition and complex interactions with soil resource 
availability, respectively). While current Earth System Models predict positive feedback 
responses of terrestrial ecosystems on C storage under eCO2,here we emphasize theimportance 
of accounting for the widespread phenomenon of P-limitation in such responses. 
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Supplementary material Chapter 4: 
Phosphorus fertilization, but not water addition, drives positive productivity 
responses of a native woodland seed-bank to elevated [CO2]. 
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Figure S2. A priori structural equation model used in this study. We built the structural equation model 
by taking into account all these relationships, as explained in the text. There are some differences 
between the a-priori model and the final model structures owing to removal of paths with non 
significant coefficients. 
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Chapter 5: Root and rhizosphere adaptations to elevated [CO2] and 
increased water supply: a glasshouse experiment using native, P-limited 
soil. 
1. Introduction 
A major goal in climate change ecology is to identify functional strategies in response to varying 
resource availability (Chapin et al. 2011). Climate change drivers, including increases in 
atmospheric [CO2] and changes in the timing, size and duration of rainfall events (IPCC, 2014), 
directly alter the availability of essential resources for plant growth, forcing plants to adjust their 
strategies relating to the capture and use of resources (Finzi et al. 2007; Bardgett et al. 2014). The 
functional equilibrium hypothesis predicts that growth responses to resource addition are 
maximized by reallocating plant resources from those structures and functions involved in the 
acquisition of the enriched resource to those associated with the uptake of the most limiting one 
(Gleeson & Tilman, 1992; Rastetter et al. 1992). Accordingly, eCO2 can lead to increased fine root 
biomass (e.g. De Graaff et al. 2006; Dieleman et al. 2010; Farrior et al. 2013), as the enhanced 
photosynthetic C fixation  under eCO2 (Norby & Zak, 2011; Yan et al. 2011) allows more C to be 
invested into these functions. However, such relative changes often depend on water availability 
(Volk et al. 2000), with more pronounced changes under eCO2 being expected in those 
environments where water supply is limited (Morgan et al. 2004). By contrast, this theory predicts 
that enhanced water supply should not cause a relative increase in the allocation of biomass 
belowground, particularly since increased water availability can also have positive feedbacks on 
soil nutrient mobilization and availability (Sinsabaugh et al. 2008). In environments where water 
supply is not a primary limiting factor, or where rainfall events during the growing season are 
numerous and intense (e.g. South East Australia), eCO2 effects on root biomass allocation might be 
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negligible or even show and opposite trend (Poorter et al. 2012). Despite climate models 
predicting that many regions in the world will experience changes towards more frequent and 
extreme rainfall (IPCC, 2014; https://bit.ly/2y9QH7K), there has been relatively little study of 
eCO2 effects on plant strategies under moderate and high soil water availability. 
Shifts in the relative allocation of plant resources belowground may not necessarily just 
lead to changes in root biomass or allocation patterns, but also in their morphological and 
physiological attributes (Bardgett et al. 2014). In this regard, current understanding of root 
functional traits suggests that plants with high specific root length (i.e. SRL; length divided 
biomass, an analogue of specific leaf area), a high proportion of absorptive roots, high nutrient 
content and low tissue density (i.e. RTD; root biomass divided by its volume) tend to have greater 
capacity for nutrient uptake (Kramer-Walter et al. 2016). Thus, plants experiencing greater 
nutrient demand as a consequence of enhanced supply of either CO2 or water, may adjust their 
belowground carbon investment strategies towards these more “acquisitive” traits (Wright & 
Westoby, 1999; Nie et al. 2013; Fort et al. 2014). Shifts on these traits, in turn, alter abiotic and 
biotic processes corresponding to a range of ecosystem processes and functions such as microbial 
activity and nutrient cycling (de Bello et al. 2010; Bardgett et al. 2014). Thus, changes in root 
attributes associated with rapid nutrient uptake, short life-span and high metabolic rates such as 
respiration and exudation of C-labile compounds (Tjoelker et al. 2005), will affect soil functions 
through greater transfer of C.   
Transfer of plant-derived compounds belowground maintains the functioning of the 
rhizosphere microbial community and acts as a control on soil organic matter cycling (Kuzyakov, 
2010; Finzi et al. 2015). Greater C assimilation rates under eCO2 may therefore affect feedback 
interactions with rhizosphere microbes via root release of labile C compounds (Phillips et al. 2011; 
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Drigo et al. 2013) and associated increases in the activity of microbial exoenzymes that catalyse 
the breakdowns and release of nutrients from soil organic matter - a mechanism known as 
microbial priming (Kuzyakov, 2010; Norby & Zak, 2011; Phillips et al. 2011). The extent of these 
microbially-mediated impacts on nutrient availability will depend on plant species-specific 
responses in root function and morphology to changes in resource availability. Further, the ability 
of plants to adjust their nutrient uptake strategies under enhanced water or CO2 supply will depend 
on their nutrient requirements, use efficiency (Herbert et al. 1999) and stoichiometric flexibility 
(Sistla & Schimel, 2012), which can feedback both positively and negatively on plant growth 
(Diaz et al.1993; Dijkstra et al. 2013). Therefore, understanding the extent to which rhizosphere 
responses are linked with plant resource adaptations to eCO2 and variable water availability is 
critical for predicting plant growth under climate change scenarios. 
While the linkages between eCO2, water and N availability have been extensively studied 
(Reich et al. 2006), less information is available on how eCO2 affects phosphorus mobilization and 
uptake and the role of water supply on such mechanisms (Dijkstra et al. 2013; Hasegawa et al. 
2016). In P-deficient soils, plant release of extracellular phosphatases, amino acids and 
carboxylates to the rhizosphere can directly mobilize P from organic and inorganic-P pools 
(Richardson et al. 2009). However, whether the direct plant mobilization of inorganic P is able to 
support plant P demand under eCO2 in naturally P-limited soils remains largely unexplored, with 
contrasting results from the few such studies that have been carried out to date. For example, eCO2 
increased organic-P immobilization in the rhizosphere of wheat and chickpea crops growing under 
low P conditions, while available P fractions were unresponsive to eCO2 (Jin et al. 2012). 
Conversely, two years of eCO2 exposure using open top chambers in a subtropical forest in China 
(Huang et al. 2014), and in a forest FACE experiment in Australia (EucFACE - Hasegawa et al. 
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2016; Ochoa-Hueso et al. 2017) led to increases in available P fractions in  bulk and/or 
rhizosphere soil.  
In this study, we aimed to characterise plant nutrient use and acquisition strategies under 
future atmospheric [CO2] scenarios and determine how different levels of water availability 
regulate these strategies. To do so we applied a root trait framework, which allowed us to 
simultaneously link plant responses to eCO2 and effects on ecosystems processes such as 
rhizosphere microbial activity (de Bello et al. 2010; Bardgett et al. 2014; Laliberté, 2017). We 
exposed four grass species commonly found in the understory of phosphorus-limited Australian 
Eucalyptus woodlands to elevated CO2 over a period of 14 weeks, under two contrasting water 
levels, mimicking current and projected levels of rainfall for the study region. We assessed a suite 
of root morphological and chemical traits, the rhizosphere activity of extracellular enzymes related 
to the C, N and P cycles, and changes in plant allocation patterns and use efficiency of these 
nutrients. We hypothesize that (1) eCO2 and enhanced water supply will alter root traits in a 
species-specific manner that reflects differing C allocation patterns and nutrient demand (Smith et 
al. 2013; Fort et al. 2014; Larson & Funk, 2016). We further hypothesize (2) that the water 
addition and CO2 enrichment will increase the activity of rhizosphere exoenzymes, particularly 
those related with N and P cycling, irrespective of species identity (Ochoa-Hueso et al. 2017). 
Finally, we predict (3) that responses towards a more acquisitive root morphology will be 
associated with greater rhizosphere enzyme activity (Carrillo et al. 2014). 
2. Material and methods 
2.1. Experimental setup  
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We selected two native grass species (Microlaena stipoides – C3, Cymbopogon refractus –C4), 
and two exotic grass species (Narsella neesiana – C3, Eragrostis curvula – C4). These co-existing 
species are widely distributed across woodlands in Eastern Australia and are abundant at the 
EucFACE (Eucalyptus Free Air CO2 Enrichment) experimental facility at Western Sydney 
University, in Richmond, Australia (EucFACE; 33° 36' 58'' S, 150° 44' 22.1'' E; Hasegawa et al. 
2018). All plants were grown from seeds collected from the woodland adjacent to EucFACE plots. 
Seeds were germinated and grown for 1 month in a glasshouse at the University of Western 
Sydney (Richmond Campus, NSW, Australia), using native soil collected at the same woodland 
(Table 1). During seedling germination and establishment, pots were watered frequently to 
maintain soil close to 100% of the water holding capacity, which was measured asa gravimetric 
soil water content of 16.5%. After one month, on 20th May 2015, four seedlings of the same 
species were transferred to each of 144 PVC pots (10 cm diameter, 1 m deep), each containing 12 
kg (air dry weight, re-wetted) of 4 mm sieved native soil. Pots had a PVC cap at the base, with 
four drilled drainage holes covered with 2 mm mesh. 
 
Soil 
Class pH Sand 
(%) 
Silt 
(%) 
Clay 
(%) 
Total C 
(%) 
Total N 
(%) 
Total P (%) 
Kjeldahl 
Loamy sand 5.8±0.1 76 ± 12 12 ± 6 12 ± 6 1.04±0.14 0.07±0.005 0.0058±0.0008 
Rhizosphere enzymes 
Enzymes Abbreviation Degradation group 
β-1,4-glucosidase BG Glucose hydrolysis  
β-D-cellobiohydrolase CB Cellulose hydrolysis 
β-xylosidase XYL Hemicellulose hydrolysis 
α-1,4-glucosidase AG Starch hydrolysis 
β-1,4-N acetylglucosaminidase NAG Chitin hydrolysis  
L-leucine aminopeptidase LAP Peptide and protein hydrolysis 
Phosphatase PHOS Cleaving of PO4 from organic matter 
Table 1.Soil characteristics and enzyme description 
Table 1. Description of soil characteristics and enzymes analysed in this study.
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The experiment comprised a factorial combination of two levels of CO2 (400 ppm and 570 
ppm), two levels of water supply (55% and 90% of the soil water holding capacity) and four 
species, with six replicates for each treatment combination. All pots were randomised between 
four glasshouse chambers, two of them set at elevated [CO2] (570 ppm, 36 pots per chamber) and 
the remaining set at ambient [CO2](400 ppm, 36 pots per chamber). The CO2 concentrations were 
continuously monitored and controlled (Argus Control Systems Ltd, White Rock, BC1). During 
the first two weeks after transplanting, all pots were watered frequently to maintain soil moisture 
near field capacity to ensure seedling establishment. After this period, pots were allowed to dry 
down to their target soil moisture content. Once target soil moisture was reached, water levels 
were maintained by watering plants three times per week. A subset of pots (4 replicates for each 
treatment combination) were weighed once a week and, calculations of water lost in each 
treatment were used to set watering amounts for that week. Every 15 days, a soil moisture probe 
was used to determine volumetric soil water content in all pots. Air temperature inside the 
glasshouses was kept at 26 °C between 10 am to 4 pm and 16 °C from 8 pm to 6 am, with a 
shoulder of 21 °C in between these periods. The relative humidity in each greenhouse was 60% ± 
0.17 from 8 am to 4pm. Light intensity was kept at approximately 800 µmol m-2 s-1 during day-
time and artificial lighting of about 200 µmol quanta m-2 s-1was supplemented from 3 pm to 5 pm.  
In order to minimize chamber effects, pots were randomly swapped between duplicate CO2 
treatment chambers every two weeks throughout the 14 week growing period.  
2.2. Plant harvest and measurements 
All plants were harvested 14 weeks after transplanting (19th August 2015) and separated into 
aboveground and belowground biomass. Root systems were carefully washed of soil particles and 
a representative root subsample from each pot (around 25% of the total root system, Fort et al. 
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2014) was separated and stored at 4 °C prior to scanning (800 dpi, Epson Perfection 4990 
scanner), within 4 days of the harvest.  Images were analysed using WinrhizoTM software (Regent 
Instrument Inc., Sainte-Foy, QC, Canada) to determine total root length, average root diameter and 
root length within 0.1-mm-diameter classes. After scanning, root subsamples, along with the rest 
of the root system in each pot, were dried for 48 h at 70 °C and weighed. From the subset of 
scanned roots, we calculated specific root length (SRL) as the ratio of root length to root dry mass 
(cm g-1), root tissue density (RTD) as the ratio of root dry mass to root volume (g cm-3), specific 
root area (SRA) as the ratio of root area to root dry mass (cm2 g-1), the proportion of very fine 
roots (VFR) as the percentage of root length with a diameter ≤ 0.3 mm to total length. 
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Figure 1.Effects of CO2 and water treatments on: (a) total plant biomass, (b) root biomass and (c) root: shoot ratio. Horizontal 
bars above each species denote within-species treatment effects from post-hoc analysis. Significance levels are *P<0.1 and 
**P<0.05. 
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Dried leaves and roots from each pot were ground separately and analysed for total C and 
N using a CHN elemental analyser (LECO TruSpec, LECO Corporation, St Joseph, MI, USA). 
Leaf and root phosphorus concentrations were assessed using X-ray fluorescence spectrometry 
(Epsilon 3XLE, PANalytical B.V., Almelo, Overijssel, The Netherlands, Reidinger et al. 2012). 
Plant N and P pools (mg) per pot were calculated as the product of plant biomass (above- and 
belowground) and tissue N and P concentrations. With these data, we further assessed the 
allocation of N and P to different organs (i.e. leaves vs roots) as the ratio of aboveground N or P 
content to belowground N or P content. As well as N and P use efficiency at the plant level as the 
ratio of plant biomass to the total plant N and P pool. 
2.3. Soil measurements 
Rhizosphere soil was obtained by collecting soil particles attached to the fine roots sampled for 
(but prior to) scanning. The potential activities of seven enzymes related to C, N and P cycles in 
rhizosphere soils (Table 1) were assessed fluorometrically following the method described in Bell 
et al. (2013). Briefly, assays were conducted by homogenizing 1 g of rhizosphere soil in 33 ml of 
50 mM sodium acetate buffer (pH 5.5) for 1 minute. 800 µL of the homogenised solutions and 200 
µL of appropriate fluorescent substrates (Sigma-Aldrich, reference numbers: M9766 for AG, 
M3633 for BG, M7008 for XYL, M6018 for CBH, M2133 for NAG, L2145 for LAP, and M8883 
for PHOS) were transferred into a 96-deep-well microplate and incubated for 1.5 h at 35 °C. 
Following incubation, the supernatant solution was transferred into corresponding wells in a black, 
flat-bottomed 96-well plate. The plates were then scanned on a microplate fluorimeter (2300, 
EnSpire® Multilabel Reader, PerkinElmer, Boston, MA, USA) using an excitation wavelength of 
365 nm and an emission wavelength of 450 nm. Standard curves were prepared for each sample by 
adding 800 µL of soil slurry to 200 µL of standard stocks (4-methylumbellfferone (MUB) or 7-
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amino-4-methylcoumarin (MUC)) with different concentrations. Incubation time and micro-plate 
reads for the standard curves were conducted in the same way as sample plates. Ratios of 
ln(BG+CB+AG+XYL) : ln(LAP+NAG),  ln(BG+CB+AG+XYL) : ln(PHOS) and ln(LAP+NAG) : 
ln(PHOS)  activities were calculated for all cases. These indices were used as surrogates of relative 
microbial nutrient demand for N and P in relation to C (Sinsabaugh et al. 2008). 
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2.4. Statistical analysis. 
 Plant biomass, root traits and rhizosphere enzyme activities were analysed in a mixed-
model ANOVA framework. Although pots were regularly swapped between the chambers, 
randomization only took place between two eCO2 and two ambient chambers. Therefore, we 
analysed the data as a split-plot design, comprising CO2 treatment as the main factor, and water 
and species as sub-plot factors. Linear mixed effects models were fitted with CO2, water and 
species as fixed factors. Pseudoreplication was avoided by including a random term of chamber by 
CO2 to test the main effect of CO2 treatment, and random terms of water and species nested within 
the “CO2:chamber” term to test interaction effects (Zuur et al. 2009). All analyses were checked 
for residual normality and variance homoscedasticity, and log-transformations were applied when 
necessary to meet assumptions. All analyses were performed using the ‘lme’ function of the 
‘nlme’ package in R version 3.1.0 (R Development Core Team, 2017; Pinheiro et al. 2017). When 
interactions were significant at P<0.1, post-hoc group differences were examined with Tukey’s 
Honest Significant Difference test for multiple comparisons using the “lsmeans” function within 
the “lsmeans” package in R version 3.1.0 (Russell 2016). Our results for the CO2treatment are 
highly conservative due to low replication at the chamber level (n = 2), and associated low 
statistical power, thus we report results at the significance level of P < = 0.1 as a statistically 
meaningful indication of treatment effects (Filion et al. 2000; Phillips et al. 2011). 
To examine whether experimental treatments altered co-variation amongst the entire set of 
root morphological and chemical traits, as well as rhizosphere enzyme activity, we used principal 
component analysis (PCA). PCA scores were extracted for the first and second axes for root traits 
and rhizosphere enzymes separately and included as response variables in a mixed-model ANOVA 
framework (see Carrillo et al. 2014 for a similar approach). CO2, water and species were included 
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as fixed factors, while random factors were nested in the same way as described above for 
univariate analyses. We further examined the relationships between root traits and rhizosphere 
enzyme activities with Pearson correlation analyses using the mean trait or enzyme values for each 
species at each level of CO2 and water. 
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3. Results 
3.1. Plant growth and biomass allocation  
CO2 treatment did not significantly affect total plant biomass in any species under either water 
level (Table 2). Biomass allocation between roots and shoots across all four species together was, 
also unaffected by eCO2, although there were species-specific responses (CO2 x species, P=0.09, 
Table 2), with eCO2 reducing root biomass and R:S ratio by 60% and 49% respectively in M. 
stipoides (Fig. 1b,c). We also found an overall negative effect of high water supply on total and 
root biomass(P= 0.05 and 0.09, respectively, Table 2), with these responses being consistent 
between species. 
3.2. Root functional traits  
We found large differences between species for nearly all morphological and chemical traits, 
highlighting diverse resource acquisition strategies amongst the species studied (Table 2). C. 
refractus showed clear responses to eCO2, with SRL increasing significantly by 35% irrespective 
of water treatment, and SRA increasing by 36 % when plants were grown under low water supply 
(Fig. 2, Table 2). In addition, eCO2 reduced SRA by 30% in N. neesiana irrespective of water 
supply (Fig. 2, Table 2).Water treatment effects on root morphology were also species-specific, 
with E. curvula significantly increasing both SRL (+32%) and SRA (+22%; Fig. 2) under high, 
compared to low, water supply, irrespective of CO2 levels. The proportion of roots below a 
diameter of 0.3 mm and average root diameter differed between species (Table 2, P<0.01), but 
were not affected by CO2and water treatments, nor their  interactions. 
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Table 2.Results of mixed-effects ANOVA with CO2, water supply, species and their interactions for plant biomass variables and root functional 
traits. Numerator and denominator degrees of freedom are indicated in parenthesis next to each factor. P-values < 0.1 are indicated in bold 
 CO2 (1,2) Water(1,2) Sp  (3,12) CO2  x 
Water(1,2) 
CO2  x Sp (3,12) Water x Sp 
(3,12) 
CO2  x Water 
x Sp (3,12) 
Variable F-
value  
P-
value  
F-
value  
P-
value  
F-
value  
P-
value  
F-
value  
P-
value  
F-
value  
P-
value  
F-
value  
P-
value  
F-
value  
P-
value  
Total 
Biomass 
0.44 0.58 19.71 0.05 91.81 <0.001 0.05 0.84 1.62 0.24 1.85 0.19 0.35 0.79 
Root 
Biomass 
3.91 0.19 9.39 0.09 33.31 <0.001 0.15 0.74 2.74 0.09 1.14 0.37 0.44 0.73 
Root:Shoot 5.03 0.15 0.71 0.49 5.36 0.01 0.71 0.49 1.61 0.24 0.72 0.56 2.02 0.16 
SRL 0.22 0.68 2.45 0.26 9.72 <0.001 0.04 0.86 2.70 0.09 1.61 0.24 0.51 0.69 
RTD 0.39 0.60 6.75 0.12 28.17 <0.001 0.05 0.84 1.86 0.19 1.47 0.27 1.03 0.42 
SRA 1.04 0.42 7.62 0.11 10.40 <0.001 0.01 0.93 2.18 0.14 1.91 0.18 0.96 0.44 
Fine Root 
% 1.72 0.32 0.14 0.74 5.35 0.01 0.07 0.81 1.39 0.29 1.13 0.37 0.06 0.98 
Root 
Diameter 0.04 0.87 1.81 0.31 4.08 0.03 0.04 0.87 1.95 0.17 0.51 0.68 0.22 0.88 
Root N (%) 1.53 0.34 20.20 0.05 111.72 <0.001 0.73 0.48 1.77 0.21 1.64 0.23 0.90 0.47 
Root P (%) 1.07 0.41 17.38 0.05 40.83 <0.001 1.15 0.40 4.58 0.02 3.83 0.04 1.78 0.20 
 
Chapter Five: Root and rhizosphere adaptations at species level 
Juan Piñeiro Nevado. PhD Candidate  
 
107 
 
CO2 treatment had species-dependent effects on root chemistry, particularly root [P] (CO2 
x Sp P= 0.02, Table 2). At the individual species level, however, the only significant effect of 
eCO2 was for C. refractus which had a 7% increase in root [N] under well-watered conditions 
(Fig. 2). Overall, well-watered plants also had higher root N concentrations (+14%, P=0.05, 
Table 2) relative to those grown under lower levels water supply, a response that was consistent 
between species (Table 2, Fig. 2). In contrast, effects of water supply on root P concentration 
differed between species (Water x Sp P= 0.04, Table 2), with C. refractus and M.  stipoides 
having significantly higher root P concentration (+8 and 14%, respectively) under well-watered 
conditions, irrespective of CO2 treatment (Fig. 2). Interestingly, the analysis of relative allocation 
of N and P between aboveground and belowground organs showed an overall increase (+20% 
P=0.04) in the ratio of shoot:root N and a decrease (-27%, P= 0.03) in shoot:root P ratio under 
eCO2. Similarly, plants exposed to eCO2 reduced their NUE by 10% (P=0.06) while increasing 
their PUE by 18% (P=0.05). Pearson correlation analysis also showed a significant negative 
relationship between NUE and the proportional allocation of N to shoots versus roots (Fig. 4f), 
and a significant negative relationship between plant PUE and the above:belowground P 
allocation ratio (Fig. 4c); these relationships were only significant under eCO2. 
3.3. Rhizosphere enzyme activity. 
Overall, eCO2 increased the activity of rhizosphere enzymes related to the decomposition 
of N-based substrates by 15% (i.e. NAG plus LAP, Table 3, P=0.04) and phosphatase by 22 % 
(Table 3, P=0.02), while effects on enzymes associated with C degradation (BG, CB, AG, XYL) 
were minor, varying strongly between species and across water levels (Table 3, Fig. 3). At the 
species level, the combined activity of C-degrading enzymes decreased under eCO2 for M. 
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stipoides, particularly under lower water supply (Fig. 3) but increased for C. refractus, at both 
water levels (Fig. 3). The activity of N-degrading enzymes increased in C. refractus and E. 
curvula when exposed to eCO2 with respective increases of 8 and 13%, regardless of water 
supply treatment (Fig.3). The activity of phosphatase increased under eCO2 for both E. curvula 
and N. neesiana, with average increases of +17 and +11%, respectively (Fig. 3). As a result of 
these enzyme-specific responses, C:N and C:P enzyme ratios decreased by 13% and 27%, 
respectively, in response to eCO2 when replicates were pooled across species. The reduction in 
enzymatic C:N ratios under eCO2 was greater under low water supply, relative to well-watered 
pots (Table 3). This overall response reflects a consistent decrease in enzyme C:N ratio for C. 
refractus, E. curvula and M. stipoides under low water supply, with E. curvula being the only 
species with a CO2-associated reduction in enzyme C:N ratios that also apparent under high 
water supply. All species (with the exception of C. refractus) decreased their enzyme C:P ratios 
in response to eCO2 treatment but ratios were unaffected by water supply. Finally, enzyme N:P 
ratios were increased under eCO2 in C refractus, while the opposite trend was found for N. 
neesiana. Water supply substantially affected rhizosphere enzyme activity with C- and N-
degrading enzymes generally greater in the well-watered treatment (Table 3, Fig. 3). At the 
species level, E. curvula and N. neesiana showed an increase in C-related enzymes under high 
water supply (Fig. 3). While this was attributable to a substantial increase in the activity of XYL 
in E. curvula, N. neesiana showed a consistent increase in all C-based enzymes under well-
watered conditions (Fig. S1). The response of N-degrading enzymes to water treatment varied 
between species, with evidence of both increases in both NAG (M. stipoides, +8%)and LAP (N. 
neesiana, +13%; Fig. S1). Similarly, PHOS activity increased under high water supply in both E. 
curvula (+16%) and N. neesiana (+17 %; Fig. S1). In contrast to the CO2 treatment, there was no 
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overall effect of water treatment on rhizosphere enzyme stoichiometry when species data were 
pooled, although there were significant responses at the individual species level. For example, 
higher levels of water supply increased C:P and N:P enzyme ratios in the rhizosphere of M. 
stipoides, and decreased N:P enzyme ratios for E. curvula.   
 
 
3.4. Treatment effects on relationships between root traits and rhizosphere enzyme activity. 
Root trait combinations differed among species, which were broadly separated along the first and 
second principal component axes, explaining 45 and 16 % of the trait variance, respectively. The 
first principal component (PC1) also differentiated trait combinations between the two levels of 
Figure 4.Effects of CO2 and water treatments on: a) plant phosphorus use-efficiency, b)relative allocation of P between shoots and 
roots, (c)relationships between plant PUE and the relative allocation of P between shoots and roots, d) plant nitrogen use-efficiency, e) 
relative allocation of N between shoots and roots and f) relationships between plant NUE and the relative allocation of N between 
shoots and roots. Significance levels are * P<0.1 and ** P<0.05. Symbols in c and f are: C. refractus,    E. curvula,      M. stipoides,      
N. neesiana      Grey symbols indicate elevated CO2 levels, black symbols indicate ambient CO2 levels. Filled symbols indicate high 
water supply, clear symbols indicate lower water supply. 
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water supply, with more positive values to the right of the first axis associated with the well 
watered treatment, alongside higher root N and P concentrations and greater values of SRL. 
Multivariate analyses including rhizosphere enzyme activities showed a clear separation between 
species. Water treatment effects were differentiated along the first principal component axis 
(accounting for 34% of the variation in enzyme activity), with  high water levels associated with 
greater activity of AG and CB enzymes.  
The activity of C-based enzymes in the rhizosphere was positively related to plant SRL 
and negatively to RTD (Fig. 5 a,b). Activities of N-based enzymes and phosphatase were, 
however, unrelated to SRL, although there were negative (phosphatase) and positive (N-
enzymes) relationships with RTD (Fig. 5d-f). Interestingly, plant NUE showed a negative 
relationship with both C-related enzymes and phosphatase, but a positive relationship with N-
related enzymes (Fig. 5c,e,i). There were no other correlations between the activity of any 
enzymes and any other morphological or chemical traits, or with plant level PUE. 
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Table 3.Results of mixed-effects ANOVA with CO2, water supply, species and their interactions on rhizosphere enzyme activities and their ratios. 
Numerator and denominator degrees of freedom are indicated in parenthesis next to each factor. P-values < 0.1 are indicated in bold 
 CO2 (1,2) Water(1,2) Sp  (3,12) CO2  x 
Water(1,2) 
CO2  x Sp (3,12) Water x Sp 
(3,12) 
CO2  x Water 
x Sp (3,12) 
Variable F-
value  
P-
value  
F-
value  
P-
value  
F-
value  
P-
value  
F-
value  
P-
value  
F-
value  
P-
value  
F-
value  
P-
value  
F-
value  
P-
value  
BG 0.07 0.98 4.86 0.16 68.24 <0.001 5.84 0.14 13.12 <0.001 1.98 0.17 3.93 0.04 
CB 0.34 0.62 6.12 0.13 4.91 0.02 0.07 0.81 2.42 0.12 3.69 0.04 4.44 0.03 
NAG 0.5 0.55 17.7 0.05 1.4 0.28 1.3 0.37 5.1 0.01 5.6 0.01 1.4 0.27 
PHOS 40.47 0.02 1.50 0.34 45.89 <0.001 1.61 0.33 3.32 0.06 7.03 0.01 3.27 0.06 
XYL 0.29 0.64 46.35 0.02 2.57 0.10 0.18 0.71 0.70 0.57 4.22 0.03 3.72 0.04 
AG 0.77 0.47 8.99 0.10 4.22 0.03 1.64 0.33 0.10 0.96 0.49 0.70 2.13 0.15 
LAP 19.38 0.05 0.98 0.43 30.79 <0.001 6.78 0.12 4.49 0.02 4.29 0.03 1.18 0.36 
C.ENZ 0.02 0.90 21.21 0.04 24.11 <0.001 2.42 0.26 10.20 0.03 0.73 0.55 3.76 0.04 
N.ENZ 22.40 0.04 13.82 0.07 21.83 <0.001 7.87 0.11 8.72 0.04 3.82 0.04 1.58 0.24 
C:NEnz 7.70 0.10 0.01 0.90 58.27 <0.001 15.63 0.05 2.08 0.11 3.31 0.05 3.36 0.04 
C:PEnz 29.6 0.03 4.11 0.18 16.48 <0.001 0.01 0.96 7.95 0.04 4.14 0.02 2.04 0.11 
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4. Discussion 
In this experiment, we exposed four grass species commonly found in the understory of 
Eucalyptus woodlands in the Sydney basin to predicted end-of-century concentrations of CO2 
under two levels of water supply. We did not observe overall positive effects of increased CO2 
and water supply on plant growth, either alone or in combination, suggesting primary growth 
limitation by other factors (e.g. nutrient availability). Elevated CO2 treatment effects on broader 
plant traits and metrics associated with nutrient use varied between species, highlighting 
differences in resource requirements and functional strategies amongst the species used in this 
experiment. We found evidence that plant rooting attributes were responding to water addition, 
but not eCO2, with a general shift towards more acquisitive root traits under high levels of water 
supply. Rhizosphere enzyme activities suggest that eCO2 altered microbial demand for N and P 
relative to C, while water supply enhanced both C and N-related enzymes without observable 
changes in their relative demand. Relationships between rhizosphere enzyme activity and root 
traits were, however, largely driven by the species characteristics and did not change under the 
experimental treatments. 
Plants growing under eCO2 are generally hypothesized to compensate for limiting soil 
nutrient availability by increasing the production of fine roots (Matamala & Schlesinger, 2000; 
Norby & Jackson, 2000) and/or by adjusting root attributes towards those associated with greater 
resource acquisition (BassiriRad et al. 2001; Nie et al. 2013). In this experiment, we did not 
observe such changes in response to eCO2 at any water level. On one hand, our results support 
the conclusions from meta-analyses (Poorter et al. 2012) and many other experiments(e.g. 
BassiriRad et al. 1997) in which eCO2 had negligible effects on the relative allocation of biomass 
belowground, and suggest that coarse changes in allocation strategies may not reveal functional 
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adaptations for nutrient acquisition because this may include roots that are not directly involved 
in nutrient uptake (BassiriRad et al. 1997). On the other hand, changes towards a more 
acquisitive root system (i.e. greater SRL, greater percentage of absorptive roots, lower diameter 
and RTD) under eCO2 were minor and species-dependent rather than consistent across species. 
Similar species-dependency has been observed in both forest and grasslands exposed to eCO2 in 
their native environment (Smith et al. 2013, Carrillo et al. 2014), as well as in glasshouse studies 
(Ferris & Taylor, 1993; BassiriRad et al. 1997), implying a diversity of strategies in relation to 
root trait adjustment in response to climate change. 
 
 
In contrast to the generally small changes in root morphological traits, eCO2 did result in 
an overall increase in rhizosphere microbial activity suggesting that enhanced exudation of labile 
 
Figure 5. Principal component analyses of a) root traits and b) rhizosphere enzyme activity. Variation explained by each component 
and significance levels from mixed-effects ANOVA on PC scores are shown in parenthesis. Significance levels are * P<0.1 and ** 
P<0.05 
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C-based compounds may be a more common adaptation than changes in root biomass or 
morphology under eCO2 (Phillips et al. 2011). Changes in bulk soil enzyme activity are often 
studied under eCO2 (e.g., Moorhead & Linkins, 1997; Finzi et al. 2006), but their activity in the 
rhizosphere has been less frequently examined (but see Phillips et al. 2011; Ochoa-Hueso et al. 
2017). Interestingly, eCO2 increased the activity of enzymes related to the decomposition of N 
and P-rich substrates and caused shifts in the microbial demand for N and P relative to C, as 
suggested by the overall decreases in C:N and C:P enzyme activity ratios (Sinsabaugh et al. 
2008). These results support the notion that eCO2 stimulated the release of C-rich exudates by 
fine roots but contrast with the observations under field condition in the EucFACE experiment 
(Ochoa-Hueso et al. 2017), where eCO2 only altered the activity of enzymes involved in C 
mobilisation.  
Figure 6. Pearson correlation analysis depicting relationships between rhizosphere enzyme activities, root morphological traits 
and plant NUE. . Symbols are: C. refractus  ,E.curvula     ,    M.stipoides      , N. neesiana       . Grey symbols indicate elevated 
CO2 levels, black symbols indicate ambient CO2 levels. Filled symbols indicate high water supply, empty symbols indicate lower 
water supply. 
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While effects of enhanced water supply on single root traits were generally small, as 
suggested by ANOVA results, multivariate analysis evidenced changes towards a suite of traits 
associated with greater uptake capacity. These results highlight that, although responses of single 
traits to enhanced water supply were small, individually, such changes were coordinated across 
the range of functional traits investigated (i.e. similar trajectory).  This trend aligns with previous 
studies reporting increased SRL and decreases in root diameter under enhanced water supply 
(Larsson & Funk, 2016) and support the idea that higher soil moisture leads to more intensive 
soil resource exploitation via adjustment of fine root attributes (Fort et al. 2014; Larson & Funk 
2016). Interestingly, we observed greater root biomass and plant growth under our lower water 
supply treatment. These results are in line with field observation at EucFACE (see chapter 3) and 
support expectations of increased investment in root biomass as soil moisture declines, a 
response that seems conserved across plant species in this experiment. In addition, it seems that 
soil water availability is a stronger driver of root biomass and morphological adaptations than 
eCO2, as has been observed in the field (see chapter 3) and in other glasshouse experiments 
(Poorter et al. 2012), including chapter 4 on this document. 
Enhanced water supply also altered the activity of rhizosphere microorganisms, 
increasing the activity of C- and N-degrading enzymes. These results accord with findings across 
aridity gradients (Sinsabaugh et al. 2008) and water manipulation experiments (Henry, 2013) 
showing greater activity with increasing soil moisture. Further, treatment effects on rhizosphere 
enzyme activity differed for CO2 and water. Elevated CO2 caused increases in the demand for N 
and P relative to C, while greater water supply involved increases in C and N-related enzymes 
without relative changes on their demand (i.e. C:N and C:P enzyme ratios were not altered by 
water supply). The implied lack of change in relative microbial demand for C and N under high 
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water supply suggests that soil moisture exerts a direct control on microbial metabolism that 
might not be driven by the exudation of C-rich compounds as was observed under eCO2.  
Despite greater activity of rhizosphere enzymes under both eCO2 and high water supply, 
there was no associated stimulation in plant growth or increase in total nutrient uptake. While 
increases in the activity of rhizosphere enzymes can be a mechanism for potentially alleviating 
nutrient stress in plants (Phillips et al. 2011, Finzi et al. 2015), positive feedbacks for plant 
nutrient uptake and growth are not always reported (e.g. Diaz et al. 1993, Kuzyakov 2010; 
Dijkstra et al. 2013). A number of hypotheses have been proposed to explain the direction and 
magnitude of rhizosphere priming in relation to soil nutrient availability (Kuzyakov, 2010). In 
particular, low soil fertility can result in nutrient immobilisation by microbes due to strong 
competition for N and P between plant roots and microbes (Díaz et al. 1993; Dijkstra et al. 
2013). Our results are in line with such findings and may be linked to the short term nature of the 
experiment, which precludes a turnover of microbial necromass and hence, a release of nutrients 
locked in such pool. 
Intriguingly, we observed overall changes in how plants allocate N and P between 
aboveground and belowground organs, as well as whole-plant adaptations related to the economy 
of these nutrients under eCO2. Plants exposed to eCO2 were more efficient in their use of P and 
less efficient in their use of N. These changes reflect CO2-driven shifts in belowground nutrient 
allocation (increased for P, decreased for N) and suggest a higher relative demand for P, 
compared to N under eCO2. Our results contrast with a number of empirical observations in N-
limited soils showing higher N-use efficiency under eCO2 as a consequence of a down-regulation 
of rubisco activity in leaves (e.g., Crous et al. 2008). According to the functional equilibrium 
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hypothesis and whole-plant nutrient balance model (Gleeson & Tilman, 1992), abundant 
resources (i.e. C in this experiment) should be used to optimize the acquisition of the most 
limiting ones. Therefore, our observed increases in the relative allocation of N to aboveground 
tissues seems to be an adaptation related to greater P demand, suggesting that mechanisms 
associated with phosphorus acquisition are energetically demanding, including N relocation 
(BassiriRad et al. 2001; Ho et al. 2005). Further, these results imply that, under severe P-
limitation, mechanisms involved in the down-regulation of photosynthetic N-use may be 
precluded in plants exposed to eCO2 (Morcuende et al. 2007; Hammond & White, 2011; Plaxton 
& Tran, 2011) as higher C-cost associated with greater exudation of C-labile compounds needs 
to be supported by enhanced photosynthesis under eCO2. Our observations of shifts in whole-
plant N and P economy highlight that optimal allocation of plant nutrients should be considered 
as part of the functional equilibrium hypothesis when evaluating plant responses to climate 
change (Poorter et al. 2012). 
5. Conclusions. 
In conclusion, while eCO2 effects on root functional attributes were species-specific, clear trends 
towards increased rhizosphere enzyme activity were observed across all four species, likely as a 
result of greater exudation of labile C- compounds that led to a greater microbial demand for N 
and P, relative to C. In contrast, enhanced water supply affected root morphological attributes 
and these changes, although small in magnitude seems to be coordinated across the suite of traits 
investigated. Greater water availability also stimulated microbial activity in the rhizosphere, but 
without observable changes in the relative demand for N and P. Despite such changes in 
rhizosphere processes, neither eCO2 nor greater water supply increased plant biomass, suggesting 
primary nutrient limitation and a lack of positive rhizosphere feedbacks to plant nutrient uptake. 
Chapter Five: Root and rhizosphere adaptations at species level 
Juan Piñeiro Nevado. PhD Candidate  
 
118 
 
Furthermore, plants exposed to eCO2 experienced greater relative demand for P, as suggested by 
increases in P-use efficiency, and a decrease in N use-efficiency, responses that seem to be 
linked with changes in the relative allocation of N and P above- versus belowground. 
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Table 4.Results of mixed-effects ANOVA with CO2, water supply, species and their interactions on plant level nitrogen and phosphorus-use 
efficiency, and relative allocation of nitrogen and phosphorus between shoots and roots. Numerator and denominator degrees of freedom are 
indicated in parenthesis next to each factor. P-values < 0.1 are indicated in bold 
 
 CO2 (1,2) Water(1,2) Sp  (3,12) CO2  x 
Water(1,2) 
CO2  x Sp (3,12) Water x Sp 
(3,12) 
CO2  x Water 
x Sp (3,12) 
Variable F-
value  
P-
value  
F-
value  
P-
value  
F-
value  
P-
value  
F-
value  
P-
value  
F-
value  
P-
value  
F-
value  
P-
value  
F-
value  
P-
value  
NUE 14.38 0.06 0.16 0.72 123.6 <0.001 1.43 0.35 0.83 0.50 0.19 0.90 0.45 0.71 
PUE 17.13 0.05 0.03 0.96 4.83 0.01 0.72 0.48 2.51 0.11 2.92 0.07 1.58 0.24 
RootN:ShootN 6.98 0.10 0.09 0.93 2.09 0.16 0.07 0.94 2.09 0.16 0.99 0.43 0.38 0.76 
RootP:ShootP 9.26 0.09 1.72 0.32 1.31 0.31 0.01 0.97 2.07 0.10 6.13 0.01 3.01 0.08 
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Chapter Five: Root and rhizosphere adaptations to elevated [CO2] and increased water supply: a glasshouse experiment using native, P-limited 
soil. 
Figure S1. Species level results from mixed effects ANOVA on enzyme activity 
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Chapter 6: General Discussion 
6.1 Thesis summary 
This PhD thesis focused on identifying the effect of elevated CO2 on: 1) patterns of fine 
root growth; and 2) the role of water and nutrient availability as regulators of such effects. 
Fine root responses were studied quantitatively - assessing changes in biomass, production 
and turnover rates (Chapters 2 and 3) - and qualitatively, examining shifts in fine root 
morphological and chemical traits (Chapters 3, 4 and 5). This comprehensive approach 
allowed me to explore the linkages between these fine root adaptations and many of the 
diverse ecosystem processes driving C and nutrient cycling, including the transfer of C, N 
and P to the soil from fine root turnover (Chapter 3), the activity of microbial communities 
in the rhizosphere (Chapters 4 and 5), the uptake and use of nutrients by plants (Chapter  
4and 5), and rates of CO2 exchange (Chapter 4). In all the experiments conducted, either in 
the field or the glasshouse, I addressed these questions using P-limited soils characteristic 
ofvast areas from South East Australia (Peñuelas et al. 2013). The scarce information about 
the role of P-limitation on ecosystem responses to rising [CO2] adds further novelty to my 
work, addressing an important knowledge gap in climate change research. In addition, 
glasshouse experiments were designed to provide mechanistic insight into the potential for 
changes in fine root structure and function to overcome soil P-limitation under future 
climate change scenarios. Taken together, the information generated in this project can then 
be integrated in Earth System Models to predict potential feedbacks of terrestrial 
ecosystems on C cycling under eCO2 while accounting for the widespread phenomenon of 
P-limitation (Norby et al. 2016). 
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The following specific research questions are discussed: 
 Does the eCO2 fertilization effect occur in fine roots from a mature eucalypt 
woodland and is this a widespread occurrence across ecosystems worldwide? 
 Are fine root responses to eCO2 functional adaptations that enhance nutrient uptake?  
 What is the role of soil water and nutrient availability in the observed responses?  
The meta-analysis of experimental data from all over the world, synthesized in Chapter 
2, indicates that eCO2doesincrease fine root biomass, with the magnitude of response being 
greater in more humid and fertile ecosystems. These results are consistent with wider 
observations for aboveground tissues and whole-plant responses, and confirms the 
commonly held notion that the magnitude of the eCO2 fertilization effect on biomass 
increases with increasing supply of soil resources. Although inferring whether these 
responses correspond to functional adaptations that increase soil resource uptake is not 
possible from a static metric such as fine root biomass, or without addressing relative 
changes compared to those in aboveground acquisitive tissues, this study served as a 
benchmark to design experiments and to formulate testable hypotheses in subsequent 
chapters. A key conclusion of this chapter is that field experiments studying fine root 
responses to eCO2 are remarkably biased towards temperate ecosystems in the northern 
hemisphere, with scarce representation of semi-arid, tropical and subtropical ecosystems. 
Other questions that were left unresolved due to a lack of data relate to the role of P-
limitation in fine root responses and whether differences in responsiveness between 
ecosystems are related with stand age. 
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My work at the EucFACE experiment, presented in Chapter 3, allowed me to 
directly test the CO2 fertilization effect on fine roots in a mature Eucalyptus woodland 
under P-limiting conditions. After two years of seasonal monitoring of fine root dynamics 
(biomass, production and turnover), I found no evidence of fertilization effect on fine root 
biomass, while enhanced production and turnover of fine roots under eCO2 only occurred 
when environmental conditions became favorable after periods of water stress. In this 
stand, soil moisture was the main driver of natural fine root dynamics, with clear 
reductions of biomass and production rates under high soil moisture levels. The 
relationship between fine root biomass and soil moisture was different between CO2 levels, 
with greater reductions in plants growing under ambientCO2 concentrations. This result is 
consistent with patterns observed at the global scale in Chapter 2: i.e., plants exposed to 
eCO2 can only maintain greater fine root biomass under high soil moisture. Further analysis 
on fine root chemical composition suggests that a potential mechanism driving such a 
response could involve greater concentration of C in fine roots, which confers a longer life -
span and greater resistance to fluctuating environmental conditions (Eissenstat et al. 2000). 
These results are consistent with findings from other FACE experiments and Chapter 2, 
suggesting that eCO2-associated increases in belowground productivity may only occur 
where there are sufficient soil resources (including soil space, Ferguson & Nowak, 2011; 
Day et al. 2013) rather than when resources are more limiting. In addition, eCO2 did not 
stimulate absolute fine root biomass or relative allocation belowground in either glasshouse 
experiment irrespectively of water and P availability in the soil (Chapters 4 and 5). Taken 
together, these findings do not support the idea of greater investment of C towards soil 
resource uptake under eCO2 when resources are limiting, at least in terms of root growth.  
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At the EucFACE experiment, I did not find major effects of eCO2 on fine root 
morphological traits commonly associated with greater nutrient uptake capacity. Instead, 
the observed trends in morphological traits (i.e. slight increases in diameter and root tissue 
density) and chemical traits (i.e. greater C concentration) seem to be related to a more 
conservative strategy in the use of plant resources (Reich, 2014). The results from the 
glasshouse experiment in Chapter 5 are in line with the lack of effect of eCO2 on fine root 
morphological traits found in the field. This may be due to contrasting species-specific 
responses to eCO2, resulting in a lack of clear, consistent patterns across the full suite of 
species. Similar, species-specific responses have been observed in both trees and grasses 
exposed to eCO2 in other FACE and glasshouse experiments (Smith et al. 2013; Carrillo et 
al. 2014), adding further complexity to attempts at inferring general patterns of fine root 
functional adaptations in response to eCO2 (Nie et al. 2013). Despite the lack of 
morphological responses at the fine root and whole root system level, results from field and 
glasshouse experiments indicate that eCO2 does change the chemical composition of roots, 
with potential consequences for carbon and nutrient fluxes via fine root turnover, and 
microbial activity in the rhizosphere (Ochoa-Hueso et al. 2017). Interestingly, in Chapter 
4 plants exposed to eCO2increased P use-efficiency and decreased N-use efficiency, with 
these changes associated with increased allocation of P belowground and greater allocation 
of N aboveground, respectively. These patterns are in line with the idea that P, but not N, is 
the most growth-limiting resource in the highly weathered soils of Australia (Crous et al. 
2015). Further, they suggest that although eCO2-driven increases in P demand might not be 
met by increased uptake, more efficient use of P under eCO2 can allow plants to maintain 
production rates despite this.   
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The only experiment in which I manipulated P availability in the soil (Chapter 4) 
clearly demonstrated the key role of this nutrient in supporting enhanced plant growth. The 
combination of P fertilization and eCO2 resulted in increased plant P uptake, production 
and net CO2 uptake, while microbial activity in the rhizosphere remained unchanged. The 
greater biomass growth under high supply of both CO2 and P is consistent with results 
observed in N-limited soils when N-fertilization is combined with eCO2 (e.g. Reich & 
Hobbie, 2014). Some of the longer-lasting FACE experiments, as well as several reviews 
on the topic, have showed that limited soil N availability preclude ecosystem C 
accumulation under eCO2 (Luo et al. 2004; Dieleman et al. 2010; Norby & Zak, 2011), not 
only due to limited biomass production, but also due to the lack of up-regulation of several 
processes driving ecosystem C accrual, such as photosynthetic enhancement and SOC 
accumulation. Taken together, my findings in Chapters 4 and 5 suggest a similar trend for 
P under P-limitation, with plants exposed to eCO2 experiencing greater demand for P but 
not N, which in turn is allocated to aboveground tissues likely to maintain higher rates of 
CO2 assimilation.   
Besides shifts in the functional attributes of roots, results from the two glasshouse 
experiments show contrasting effects of eCO2 on microbial activity in the rhizosphere. 
While at the community level eCO2 had no effects on exo-enzyme activity in the 
rhizosphere, at the species level eCO2 seems to increase microbial demand for N and P 
relative to C, likely due to the greater transfer of C-labile exudates from the plants to the 
microbes. Interestingly,  greater water supply was found to be the main driver of increased 
enzyme activity in these soils, particularly for those enzymes targeting C and N-rich 
substrates, but with only minor effects on the relative demand of N and P in relation to C. 
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Greater enzymatic activity did not lead to greater P uptake or enhanced plant growth in any 
case, suggesting a minor role of this mechanism in alleviating P-limitation in these soils 
either under eCO2, high water supply or both. In this regard, results from my glasshouse 
experiments are in line with observations from EucFACE, where we found increases in 
rhizosphere enzyme activity under eCO2 (Ochoa-Hueso et al. 2017) that did not translate 
into greater plant growth either in the dominant trees or the understory community 
(Ellsworth et al. 2017; Collins et al. 2018). These findings are, however, in contrast to 
observations from other FACE experiments, where increased fine root exudation of labile C 
compounds primed microbial decomposition of SOM, contributing to greater plant growth 
rates(e.g., Drake et al. 2011). Taken together, these results suggest that competition for P 
between soil microbes and plants is a driving process affecting plant P uptake. Although 
increased availability of both N and P under eCO2 - associated with greater rhizosphere 
microbial activity -might occur in these soils (Ochoa-Hueso et al. 2017), this enhancement 
may be constrained by highly variable (often limiting) soil water availability, and thus not 
consistently overcome P-limitation of plant growth.  
 
6.2. Future research directions 
This dissertation contributes to greater understanding of how terrestrial ecosystems might 
contribute to a buffering of the rapidly increasing atmospheric CO2 concentrations, by 
providing novel evidence about the role of P-limitation in fine root-related processes 
underpinning C and nutrient dynamics. Results from both field and glasshouse experiments 
indicate that eCO2 is not likely to stimulate belowground biomass production or 
establishment in P-limited systems, in contrast to previous reports from FACE experiments 
Chapter 6: General Discussion 
Juan Piñeiro Nevado, PhD Candidate 
 
131 
 
conducted in aggrading forest growing in N-limited stands (reference). This may be 
attributed to the mature nature of this stand (Korner et al. 2007; Norby & Zak, 2011), low P 
content and availability in the soil and, potentially, shifts towards deeper fine root biomass 
establishment and production (Iversen, 2010). Experimental evidence from mature, steady-
state ecosystems is very limited and theory predicts that eCO2 might not stimulate fine root 
biomass because the root system may have already reached its maximum size (Korner et al. 
2007; Day et al. 2013). The observed transient stimulation of fine root production provides 
some support for this idea, as it took place in deeper soil layers characterized by lower fine 
root density. However, a question that still remains unanswered at the EucFACE 
experiment is whether fine root biomass growth and establishment is stimulated by eCO2 at 
deeper soil layers, as my analysis only covered the top0-30 cm of soil. Several studies in 
forest systems have reported a deeper allocation of fine root biomass under eCO2 (Iversen, 
2010). Whether this is the case for Eucalyptus trees is worth exploring in future projects, at 
least to a depth of up to 60 cm, where the existence of a hard clay layer at our site likely 
represents a partial barrier for deeper fine root penetration, as well as a zone of  nutrient 
accumulation. The lack of eCO2 fertilization effect on belowground biomass observed in 
both glasshouse experiments, however, point at limited P availability as a main factor 
limiting belowground biomass responses under eCO2. 
 Regarding functional adaptations, my results show that shifts in morphological traits 
associated with the ability of plants to enhance P-uptake do not occur under the 
experimental conditions imposed in my studies. While some individual studies report 
changes in traits such as root tissue density and diameter, general trends across experiments 
are not clear and seem to be context- and species-dependent, as was also suggested by my 
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results. Whether differences in how species shift their fine root attributes in response to 
eCO2 contribute to changes in plant community composition has not been explored in detail 
in this PhD project, but seems very likely. In a parallel study at EucFACE, I found shifts in 
understory plant community composition towards increasing dominance of the nutrient -
richer C3 graminoids, relative to their C4 counterparts, with a negative association between 
C4:C3 ratios and soil N availability (Hasegawa et al. 2018). Besides the association of this 
change with plant photosynthetic pathway, results from individual species responses 
suggest that species with fine root functional traits conferring greater nutrient uptake may 
increase in dominance in the understory communities at this site. Clearly, this question 
deserves further attention in future projects at the EucFACE experiment, where a detailed 
monitoring of species-specific adaptations of fine roots under eCO2 can shed light on the 
competitive mechanisms involved in the observed changes at the community level. This 
issue could be further explored by DNA-based techniques that allow the identification and 
quantification of plant species in mixed root samples (Mommer et al. 2008). In addition, 
finer-scale measurements rather than a focus on the whole root system might be more 
appropriate to identify changes in nutrient uptake capacity of fine roots. While I believe 
that the approach followed in Chapters 3-5 serve well to understand plant and ecosystem-
level consequences of shifts is root strategies, detailed monitoring of less studied 
morphological traits such as root hair density (McCormack et al. 2015) and anatomical 
traits might contribute to a better understanding of plant strategies under eCO2 (Laliberte, 
2017). 
 In contrast to morphological traits, fine root chemical composition seems to be more 
responsive to changes in atmospheric [CO2]. Important responses reported in this thesis 
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include an increase in C concentration in fine roots at EucFACE. Whether such changes 
involve shifts in non-structural carbohydrates or cell-wall formation will undoubtedly 
contribute to a better understanding of what the functional consequences of this stimulation 
might be, and may have important consequences for this ecosystem’s C cycling (Handa et 
al. 2008). Another important finding of this thesis relates to the increase in P concentration 
in the root pool relative to aboveground biomass, which seems to confer a greater use-
efficiency at the whole plant level under eCO2. If, as seems likely, the fine root population 
has a greater lifespan under eCO2, this might be an effective strategy to conserve P at the 
plant level, which can be further mobilized in periods of greater relative demand (Lynch & 
Ho, 2005).  
Finally, rhizosphere responses contrast between the experiments I conducted, with a 
strong influence of water availability on the eCO2 effect. Results from the field experiment 
(Ochoa-Hueso et al. 2017) and glasshouse experiments indicate that eCO2 effects might be 
more important under low soil moisture. In addition, the effects of eCO2 contrast with those 
associated with higher water availability and seem to be related with greater exudation of 
labile C compounds that alters microbial demand for N and P, relative to C. However, total 
plant P uptake was not affected by enhanced rhizosphere enzyme activity in any case, 
suggesting a lack of positive feedback of this mechanism for overcoming P-limitation 
under eCO2 under variable soil moisture conditions. 
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